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Induction  of  Marrow  Hypoxia  by  Radioprotective  Agents 
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Ai  i.alunis-Turner.  M.  J..  Wai.dln,  T.  L.,  Jr.,  anl» Sawich.  C.  Induction  of  Marrow  Hyp¬ 
oxia  by  Radioprotective  Agents.  Radial.  Res.  1 18, 58 1  -586  ( 1 989). 

The  ability  of  thiol  and  non-thiol  radioprotectors  to  induce  hypoxia  was  determined  using  the 
binding  of('H]misonida/oleby  Ixme  marrow  cells  as  a  measure  of  hypoxia.  When  administered 
at  maximally  radioprotective  doses,  four  drugs  (WR-272 1 .  cysteamine.  5-hydroxytryptamine, 
and  16,16-dimethyl  prostaglandin  E.O  significantly  increased  the  amount  of  [’H]misonidazole 
bound  by  marrow  cells,  while  no  significant  increase  in  binding  was  observed  with  three  other 
agents  (endotoxin,  AET,  superoxide  dimutase).  Dosesof  WR-272 1  previously  shown  to  provide 
suboptimal  radioprotection  did  not  significantly  increase  'H-misonidazole  binding.  These  re¬ 
sults  suggest  that  the  physiological  effects  of  some  radioprotectors,  that  is.  their  ability  to  induce 
marrow  hypoxia,  may  contribute  to  their  efficaey  in  vivo.  <c  i<»8v  Academic  Press,  inc 

INTRODUCTION 

Many  compounds  which  possess  sulfhydryl  groups  have  been  shown  to  protect 
bone  marrow  from  radiation  injury.  The  most  effective  thiol  radioprotective  agent 
is  ethiofos  [5-2-(3-aminopropylamino)ethylphosphorothoic  acid  or  WR-272 1]  (/). 
Several  mechanisms  of  action  have  been  postulated.  These  include  hydrogen  atom 
donation.  OH  radical  scavenging,  formation  of  mixed  disulfides,  metal  chelation,  and 
the  production  of  hypoxia  (2).  Actual  radioprotection  may  occur  through  a  combina¬ 
tion  of  these  mechanisms.  Studies  using  model  biomolecule  systems  show  that  sulfhy- 
drylsdo  interact  with  radiation-induced  free  radicals,  but  direct  evaluation  in  animal 
models  has  been  more  difficult  to  achieve  because  of  the  short  half-life  of  various 
radical  species.  Nonetheless,  it  is  believed  that  chemical  mechanisms  play  a  major 
role  in  the  radioprotective  eiffects  of  these  drugs  in  in  vivo  systems. 

The  possibility  that  the  production  of  tissue  hypoxia  by  radioprotectors  contrib¬ 
uted  to  the  protective  effects  observed  with  these  drugs  has  also  been  considered. 
Some  radioprotectors  produce  profound  physiological  changes  including  hyperten¬ 
sion,  apnea,  brachycardia.  and  altered  blood  flow  (i).  Many  of  these  altered  physiolo¬ 
gies  can  be  induced  by  WR-2721  (•/)  and  also  by  16,16-dimethyl  prostaglandin  E; 
(DiPGE:)  (5.  6).  The  biological  responses  to  these  radioprotectors  may  have  an  im¬ 
pact  on  marrow  oxygenation.  WR-2721  has  been  postulated  to  reduce  the  peripheral 
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oxygen  tension  (4).  Tissue  hypoxia  may  also  explain  the  protection  observed  with 
certain  non-thiol  compounds,  including  5-hydroxytryptamine  (5-HT). 

Direct  evaluation  of  the  role  of  marrow  hypoxia  in  the  radioprotection  of  the  hema¬ 
topoietic  system  has  been  hampered  by  the  lack  of  a  suitable  method  for  quantifying 
tissue  hypoxia  in  vivo.  With  current  microelectrode  technology,  the  pOi  cannot  be 
accurately  determined  in  the  marrow  of  small  rodents.  Attempts  to  correlate  hypoxia 
with  other  physiological  parameters  such  as  blood  flow  or  production  of  lactic  acid 
are  complicated  since  they  may  be  influenced  by  changes  unrelated  to  hypoxia.  To 
overcome  these  problems  and  directly  evaluate  the  role  of  marrow  hypoxia  in  radio- 
protection  we  have  used  the  sensitizer-adduct  technique  to  assess  the  extent  of  mar¬ 
row  hypoxia  following  treatment  with  radioprotective  agents.  This  system  is  based 
on  the  metabolic  reduction  and  subsequent  binding  of  misonidazole  to  tissues  as  a 
function  of  the  tissue  oxygen  concentration  (7,  S).  Misonidazole  (Miso)  is  preferen¬ 
tially  bound  by  hypoxic  tissue.  Using  Miso  binding  as  a  measure  of  tissue  oxygena¬ 
tion,  we  have  demonstrated  that  treatment  with  WR-2721,  DiPGE2,  cysteamine 
(Cys),  or  5-HT  induces  significant  hypoxia  in  mouse  bone  marrow. 

MATERIALS  AND  METHODS 

Mice.  Six-  to  twelve-week-old  BALB/c  female  mice  obtained  from  Jackson  Laboratories  (Bar  Harbor. 
ME)  were  used  in  these  experiments.  Mice  were  housed  in  a  Canadian  Council  on  Animal  Care  accredited 
facility  on  a  1 2-h  light/dark  cycle.  Mice  were  provided  with  a  standard  rodent  pellet  diet  and  with  acidified 
water  ad  Uhitunt. 

[^H]Misonidazole.  ’H-labeled  misonidazole  ((’H)Miso)  (sp  act  356.7  fiCi/mg)  was  prepared  by  Dr. 
James  Raleigh  as  described  (9).  Animals  received  a  single  intraperitoneal  (ip)  injection  of  [’H]Miso  in  a 
0.5  ml  volume  of  phosphate-buffered  saline  (PBS)  according  to  the  schedule  detailed  below.  The  dose  of 
(^HlMiso  was  calculated  to  achieve  a  peak  plasma  concentration  of  approximately  1 00  tiM. 

Drugs  and  treatment  schedule.  1 6, 1 6-Dimethyl  prostaglandin  E2  was  obtained  in  the  free  oil  form  as  the 
generous  gift  of  Dr.  Douglas  Morton  (Upjohn  Co.,  Kalamazoo,  MI).  Stock  solutions  were  prepared  by 
dissolution  in  ethanol  to  a  concentration  of  10  mg/ml  and  diluted  to  the  indicated  concentration  in  PBS 
prior  to  administration  as  a  single  subcutaneous  injection  into  the  nape  of  the  neck  in  a  0. 1  ml  volume. 
WR-2721  was  obtained  from  the  Cancer  Treatment  Division  of  the  National  Cancer  Institute.  All  other 
drugs  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis.  MO)  and  were  prepared  in  PBS  immediately 
prior  to  use.  Superoxide  dimutase  (SOD)  was  administered  intravenously,  while  the  remaining  drugs  were 
given  as  a  single  ip  injection  in  a  volume  ofO.O  I  ml/g  body  wt.  Mice  were  treated  first  with  radioprotectors. 
Miso  was  injected  at  various  intervals  thereafter  corresponding  to  the  expected  time  of  maximum  radiopro¬ 
tective  effect.  Specifically,  [^H|Miso  was  administered  5  min  after  5-HT  (3(X)  mg/kg);  10  min  after  DiPGEz 
(40  r<g/mouse)  or  Cys  ( 100  mg/kg);  1 5  min  after  2-(2-aminoethyl)-2-thiopseudorea  dihydrobromide  ( AET) 
(300  mg/kg);  30  min  after  WR-2721  (200-4(X)  mg/kg);  60  min  after  SOD  (200  mg/kg);  and  24  h  after 
endotoxin  (LPS)  (50  ug/mouse).  In  each  experiment,  control  animals  received  0.01  ml/g  of  PBS  (ip)  fol¬ 
lowed  by  [’H]Miso  at  intervals  equivalent  to  those  used  for  the  radioprotectors. 

Bone  marrow  a.ssay.  Sixty  mmutes  after  |’H]Miso,  animals  (three  to  five  per  group)  were  killed  by  cervi¬ 
cal  dislocation  and  the  femurs  were  removed.  Marrow  cells  were  isolated  by  flushing  femurs  of  individual 
animals  with  ice-cold  complete  medium  (MEM  Spinner  with  5%  fetal  calf  serum).  Known  numbers  of 
cells  were  placed  in  duplicate  tubes  and  washed  four  times  with  complete  medium  to  remove  any  unbound 
(’HlMiso.  Following  the  last  wash,  the  acid-soluble  and  acid-precipitable  cellular  fractions  were  isolated 
according  to  techniques  previously  described  (/O).  and  the  total  amount  of  [’H]Miso  bound  to  these  frac¬ 
tions  was  determined  by  liquid  scintillation  counting.  The  results  calculated  for  individual  animals  were 
expressed  as  pmol  (’’H]Miso  bound  per  10*  cells.  Each  drug  was  evaluated  on  two  or  three  separate  occa¬ 
sions.  A  Student’s  /  test  was  used  to  determine  significant  differences  between  control  and  experimental 
groups. 
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Fig.  1.  Effect  of  in  vivo  treatment  with  various  radioprotective  agents  on  I'HJMiso  binding  by  bone 
marrow  cells.  Drug  treatments  and  sample  preparation  are  detailed  under  Materials  and  Methods.  The 
doses  of  WR-272 1  are  provided  as  milligrams  per  kilogram  body  weight.  Standard  error  bars  are  provided. 
(•)/’<0.01  or  (••)/>  <0.001. 


RESULTS 

Seven  chemicals  with  known  radioprotective  properties  were  screened  for  their 
effects  on  [^HJMiso  binding  to  normal  bone  marrow  cells  in  vivo.  Cys,  DiPGE2,  5- 
HT,  and  WR-272 1  treatment  resulted  in  significantly  increased  binding  to  the  acid- 
insoluble,  macromolecular  fraction  (Fig.  1 ).  No  significant  increase  in  marrow  bind¬ 
ing  was  observed  following  treatment  with  LPS,  SOD,  or  AET. 

In  these  studies,  the  dose  and  exposure  time  of  each  radioprotector  duplicated  that 
previously  reported  to  produce  maximum  radioprotective  effects  (6.  / 1-16).  We  also 
determined  the  dose  dependency  of  the  degree  of  marrow  hypoxia  produced  by  in¬ 
creasing  concentrations  of  WR-272 1  by  administering  graded  doses  of  WR-272 1 
(200-400  mg/kg)  30  min  prior  to  [’H)Miso.  The  results  in  Fig.  1  indicate  that  as  the 
dose  of  WR-272 1  was  increased,  the  amount  of  [’H]Miso  bound  to  the  marrow  also 
increased.  The  response  was  statistically  significant  only  at  the  optimal  radioprotec¬ 
tive  dose  of 400  mg  WR-272 1/kg  of  body  weight. 

DISCUSSION 

The  oxygen  dependence  of  the  metabolic  reduction  and  covalent  binding  of  miso- 
nidazole  has  been  well  described  ( 7.  /I).  Because  the  K,„  for  the  oxygen  inhibition  of 
the  binding  is  similar  to  the  K„  of  the  oxygen  effect  on  radiosensitivitv  (5).  misonida- 
zole  binding  can  be  used  as  a  reliable  marker  of  radiobiological  hypoxia.  In  this  study, 
the  binding  of  Miso  to  the  macromolecular  fraction  of  bone  marrow  cells  was  used 
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to  indirectly  assess  the  extent  of  hypoxia  produced  by  treatment  with  radioprotective 
agents.  Previous  studies  showed  that  increased  binding  of  Miso  occurs  to  both  the 
small  molecular  weight  species  found  in  the  acid-soluble  fractions  and  to  macromole¬ 
cules  such  as  DNA  which  are  associated  with  the  acid-precipitable  fraction  {10).  The 
ratio  of  bound  products  between  the  acid-soluble  and  -precipitable  fractions  is  depen¬ 
dent  upon  cell  line  and  handling  procedures,  but  the  binding  kinetics  is  similar  for 
both  fractions  (10.  7  7).  In  this  study,  only  the  binding  to  the  macromolecular  fraction 
was  considered  to  avoid  possible  problems  in  interpretation  arising  from  an  increased 
concentration  of  small  molecular  weight  thiol  species  to  which  [’H]Miso  is  capable 
of  binding,  although  this  would  not  be  a  problem  for  non-thiol  containing  com¬ 
pounds  such  as  5-HT  or  DiPGE2. 

Four  of  seven  agents  tested  (WR-2721,  DiPGE2,  Cys,  5-HT)  produced  significant 
increases  in  [’HJMiso  binding,  suggesting  that  the  marrow  of  animals  treated  with 
these  drugs  would  be  less  oxygenated  at  times  associated  with  peak  radioprotective 
effects.  In  support  of  this  hypothesis  is  evidence  that  various  physiological  and  chemi¬ 
cal  properties  of  these  drugs  are  such  that  they  may  contribute  to  the  production  of 
relative  marrow  hypoxia.  For  example,  the  largest  uptake  of  [^H]Miso  occurred  in 
bone  marrow  cells  from  animals  receiving  DiPGE2.  This  concentration  of  DiPGE2 
produces  a  16%  increase  in  hematocrit  (6)  and  a  30%  reduction  in  breathing  rate  ( 18) 
1 5  min  after  administration.  A  dose-dependent  reduction  in  peripheral  blood  flow 
with  blood  pooling  in  the  spleen  also  has  been  noted  for  WR-272 1  (4).  Similarly,  the 
hypotensive  and  vasoactive  effects  of  5-HT  (15)  and  Cys  (19)  have  been  described. 
Changes  in  blood  flow  distribution  and  respiration  rate  might  reasonably  be  expected 
to  have  indirect  effects  on  the  oxygen  supply  of  the  marrow.  In  addition,  a  chemical 
reduction  in  the  amount  of  oxygen  available  to  the  marrow  may  directly  contribute 
to  hypoxia.  WR-1065.  the  dephosphorylated  product  of  WR-272 1 .  consumes  oxygen 
in  an  in  vitro  system  (20).  Our  preliminary  results  measuring  the  oxygen  consumption 
of  marrow  cells  treated  in  vivo  with  WR-2721  suggest  that  increased  oxygen  con¬ 
sumption  also  occurs  in  the  host  animal.  Other  thiol  containing  compounds  such  as 
Cys  have  been  shown  to  undergo  autooxygenation  in  vitro(2l):  however,  their  ability 
to  produce  the  same  effects  in  vivo  have  yet  to  be  evaluated.  These  physiological/ 
chemical  drug  effects  coupled  with  the  known  dependence  of  Miso  binding  on  oxygen 
concentration  are  consistent  with  the  hypothesis  that  the  observed  increase  in  [’H]- 
Miso  binding  was  a  consequence  of  a  shift  of  marrow  oxygen  tension  to  lower  values. 
A  counterargument  to  this  proposal  is  the  possibility  that  these  drugs  affect  the  in  vivo 
reduction  of  Miso  which  is  independent  of  any  changes  in  marrow  p02.  However, 
this  latter  possibility  is  unlikely  because  ( I )  the  addition  of  exogeneous  thiols  has  been 
shown  to  decrease,  not  increase,  the  binding  of  misonidazole  to  cellular  macromole¬ 
cules  ( 7),  and  (2)  even  if  these  drugs  were  to  increase  the  metabolism  of  Miso  (through 
the  stimulation  of  nitroreductase  enzymes,  for  example),  the  resultant  reactive  species 
would  be  oxidized  back  to  the  parent  compound  under  conditions  of  normal  mar¬ 
row  PO2 . 

fn  the  case  of  WR-2721,  the  increase  in  marrow  binding  was  found  to  be  dose 
dependent,  with  only  the  optimally  protective  dose  (400  mg/kg)  producing  signifi¬ 
cantly  increased  binding.  However,  other  studies  have  demonstrated  that  smaller 
doses  of  WR-272 1  (75-300  mg/kg)  afford  some  marrow  protection  (22).  This  suggests 
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that  several  mechanisms  contribute  to  the  radioprotective  effects  of  WR-2721,  and 
that  at  low  drug  doses,  chemical  rather  than  physiological  mechanisms  predominate. 
Similarly,  the  failure  of  AET  or  SOD  to  alter  ['H]Miso  binding  suggests  that  any 
physiological  changes  produced  by  these  drugs  were  insufficient  to  render  the  marrow 
relatively  hypoxic  and  that  chemical  and/or  alternative  physiological  changes  must 
be  postulated  to  account  for  their  radioprotective  properties.  In  the  case  of  EPS.  less 
[’H]Miso  binding  was  observed  in  drug-treated  animals  than  in  controls.  The  reason 
for  this  has  yet  to  be  determined.  However,  the  possibility  that  EPS  treatment  altered 
the  pharmacokinetics  of  Miso  or  resulted  in  increased  oxygen  delivery  to  the  marrow 
should  be  considered. 

Several  investigators  have  drawn  attention  to  the  fact  that  protection  with  WR- 
272 1  appears  to  be  most  effective  for  cells  or  tissues  that  are  at  intermediate  oxygen 
tensions  (2i.  24).  In  such  cases,  it  has  been  postulated  that  small  reductions  in  oxygen 
tension  are  sufficient  to  render  the  tissues  hypoxic.  Previous  studies  by  Meyn  and 
Jenkins  (25)  which  measured  the  induction  of  DNA  strand  breaks  in  vivo  and  in  vitro 
have  suggested  that  marrow  resides  at  relatively  low  oxygen  tensions  in  vivo.  In  such 
a  case,  small  shifts  in  the  availability  of  oxygen  to  critical  hematopoietic  targets  may 
exert  protective  effects.  Confirmation  of  the  hypothesis  that  small  changes  in  physio¬ 
logical  oxygen  concentrations  produce  radiobiological  hypoxia  awaits  techniques  for 
accurately  measuring  the  in  vivo  /O,  of  cell  populations. 
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ABSTRACT 

l/e  have  been  studying  variations  of  radiosensitivity  and  endogenous  cellular  factors  during 
the  course  of  progression  through  the  human  and  hamster  cell  cycle.  After  exposure  to 
low-LET  radiations,  the  most  radiosensitive  cell  stages  are  mitosis  and  the  G,/S  interface. 
The  increased  activity  of  a  specific  antioxidant  enzyme  such  as  superoxide  dismutase  in 
G, -phase,  and  the  variations  of  endogenous  thiols  during  cell  division  are  thought  to  be 
intracellular  factors  of  importance  to  the  radiation  survival  response.  These  factors  may 
contribute  to  modifying  the  age-dependent  yield  of  lesions  or  more  likely,  to  the  efficiency 
of  the  repair  processes.  These  molecular  factors  have  been  implicated  in  our  cellular 
measuremetit.s  of  the  larger  values  for  the  radiobiological  oxygen  effect  late  in  the  cycle 
compared  to  earlier  cell  ages,  Low-LET  radiation  also  delays  progression  through  S  phase 
which  may  allow  more  time  for  repair  and  hence  contribute  to  radioresistance  in  late-S- 
phase.  The  cytoplasmic  and  intranuclear  milieu  of  the  cell  appears  to  have  less  significant 
effects  on  lesions  produced  hy  high-LET  radiation  compared  to  those  made  by  low-LET  radia¬ 
tion.  High-LET  radiation  fails  to  slow  progression  through  S  phase,  and  there  is  much  less 
repair  of  lesions  evident  at  all  cell  ages;  however,  high-LET  particles  cause  a  more 
profound  block  in  G,  phase  than  that  observed  after  low-LET  radiation.  Hazards  posed  by  the 
inteiartion  of  damage  from  sequential  doses  of  radiations  of  different  qualities  have  been 
evaluated  and  are  shown  to  lead  to  a  cell-cycle-dependent  enhancement  of  radiobiological 
effects.  A  summary  comparison  of  various  cell-cycle-dependent  endpoints  measured  with  low¬ 
er  high-LET  radiations  is  given  and  includes  a  discussion  of  the  possible  additional  effects 
introduced  by  microgravity. 

INTRODUCTION 

The  quantitative  undeistanding  of  long-term  effects  of  the  components  of  space  radiation  on 
carcinogenesis  and  nervous  system  functions  depends  on  the  nature  of  the  molecular  injury 
produced  by  particles  of  various  atomic  numbers  and  energies.  Of  particular  interest  is  the 
functional  dependence  of  individual  lesions,  their  repair  and  misrepiir,  and  the  time- 
dependent  interactions  that  can  occur  at  low  dose  rates. 

Many  types  of  cancer  cells  have  chromosomal  defects,  frequently  including  band  deletions  cr 
reciprocal  translocations  /I/.  Correlations  have  been  made  between  what  are  termed 
"inherited  fragile  sites"  and  the  chromosomal  break  points  involved  in  the  structural 
rearrangements  associated  with  some  neoplasms  /2,3/.  It  has  been  suggested  that  cer.ain 
genes  of  differentiated  ce'ls  require  submicroscopic  rearrangements  for  normal  functional 
activity,  and  these  changes  could  provide  a  mechanism  whereby  unique  chromosome  sites  become 
inheiently  susceptible  to  further  rearrangements  caused  by  various  chemical  or  physical 
agents  in  specific  cell  types  /4/.  Thus,  both  inherited  genetic  susceptibility  as  well  as 
normal  programmed  genetic  functions  occurring  during  cell  division  could  contribute  to  the 
vulnerability  of  cellular  targets  to  damage  from  ionizing  radiations. 

Of  serious  concern  in  the  space  environment  are  partie'e  radiations  that  ate  capable  of 
causing  an  assortment  of  types  and  degrees  of  chromosomal  damage  depending  on  particle 
charge  and  energy,  and  the  cellular  targets  at  risk.  Lesions  produced  by  particles  from 
protons  to  uranium  can  result  in  minor  to  severe  chromosomal  aberrations  /5,6/'.  There  is  a 
high  probability  that,  especially  where  low  doses  are  concerned,  the  chances  are  increased 
for  cellular  survival,  and  therefore  there  is  a  greater  likelihood  for  expression  of 
transformation  events. 

Specific  intracellular  factors,  including  for  example  antioxidant  enzymes  like  superoxide 
dismutase  (SOD)  and  catalase  (CcT),  are  known  to  Inhibit  carcinogenic  transformation  by 
X-rays  and  certain  chemotherapeutic  drugs  like  bleomycin,  and  are  also  known  to  reduce  the 
promotional  action  of  12  0  tetradecanoylf'iorbol  13-acetate  (TPA)  in  vitro  77/.  This  sug- 
gest.s  tliat  oncogenic  action  can  be  mediated  in  part  by  free  radicals  and  that  antioxidants 
can  inhibit  oncogenesis  and  late  events  in  the  progression  of  vCll  transformation  associated 
with  promotion.  Additional  evidence  indicating  these  factors  may  contiibute  to  variatirns 
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in  cell  competence  to  transformation  is  that  the  cell  content  of  SOD  and  CAT  is  reported  to 
vary  from  one  cell  type  to  another  /8/. 

Ue  have  been  studying  human  and  other  mammalian  cells  in  culture  that  are  synciironized  with 
respect  to  their  stage  in  the  cell  cycle.  Our  goal  is  to  investigate  when  cells  are  most 
sensitive  to  modifications  that  can  influence  radiation  survival  and  can  also  ultimately 
lead  to  mutation  o’’  transformation.  Ue  have  used  split-dose  techniques  to  elucidate  the 
significance  of  the  cell  cycle  to  the  enhancement  of  particle  effects.  Tn  order  to  under¬ 
stand  the  mechanisms  underlying  these  effects  ue  have  begun  characterizing  intracellular 
factors  that  are  thought  to  play  a  role  in  detoxifying  radical-induced  damage.  Ue  report 
here  a  study  demonstrating  cell-stage  dependent  enhancement  of  the  lethal  effects  of  split 
doses  of  charged  particle  beams  of  low-  and  high-linear  energy  transfer  (LET).  Ue  include 
cell  age-dependent  measurements  of  SOD  enzyme  activity  and  a  speculative  discussion  of  the 
relevance  of  this  antioxidant  and  other  intracellular  factors  to  the  ultimate  effects  of 
ionizing  radiations. 

METHODOLOGY 

Human  T-1  cell  fibroblasts  cultured  in  vitro  were  used  in  these  experiments.  The  cell  line 
was  originally  established  by  Van  Der  Veen  et  al .  /•)/  and  uas  kindly  provided  to  us  by  G.U. 
Barendsen  of  the  TNO  Radiobiology  Laboratories,  Rijsuijk,  The  Netherlands.  The  cells  uere 
maintained  in  minimum  essential  medium  (MEM)  with  Earle's  salts  supplemented  uith  \2.BX 
fetal  bovine  serum  and  uere  ^roun  at  37‘’C  in  a  humidified  atmosphere  of  5?  CO  and  95?  air. 
The  concentration  of  glutamrne  (0.25  g/liter)  uas  doubled  for  experimental  criltures  uhich 
uere  not  replenished  uith  fresh  media  during  incubation  to  measure  survival.  Routine 
screening  for  mycoplasma  has  indicated  that  the  cultures  are  free  of  contamination. 

Experiments  uere  completed  uith  exponentially  grouing  cell  populations,  as  veil  as  those 
synchronized  by  mitotic  selection.  The  techniques  used  to  obtain  large  numbers  of  highly 
synchronized  cells  in  various  phases  of  tire  cell  division  cycle  have  been  described  in 
detail  elseuhere  /lO/.  The  cell  cycle  time  is  approximately  20  hrs.  In  each  experiment  the 
quality  of  the  synchrony  uas  evaluated  by  cell  volitme  di  st  r  i  birt  ions ,  and  cell  progression 
uas  monitored  by  autoradiographic  analysis  of  cells  pulse- labeled  for  20  mins  uith  I'nidThd 
at  various  times  after  mitotic  selection.  Representative  autoradiography  data  from  a 
typical  experiment  are  given  in  Figure  1.  Cell  populations  at  luo  ages  post - m i tot ic - 
selection  uere  irradiated  for  survival  studies:  mid  G  -phase  (1  hours)  and  latc-S  phase 
(14  hours).  ‘ 


Fig.  1.  Representative  autoradiography  data 
from  unlrradiated  human  T  1  cell  populatiorrs 
pulse- labeled  for  20  minutes  uith  tritiated 
thymidine  at  various  times  after  synchroniza 
tion.  Data  ate  from  one  of  the  experiments 
reported  here,  and  the  ages  and  incorpora¬ 
tion  levels  of  the  synchronized  populations 
studied  are  indicated. 


The  level  of  activity  of  the  antioxidant 
enzyme  superoxide  dismutase  (SOD)  uas 
measured  in  irni  r  rad  ia  ted  popirlations  of 
synchronized  cells.  Mi t ot i cal  ly- selec ted 
cells  uere  plated  into  75  cm'  tissue 
culture  flasks  and  uere  either  processed 
immediately  or  ueie  al loved  to  pi  ogress  at 
37'’C  to  appropriate  ages  thioughout  the 
cell  cycle.  SOD  activity  levels  are 
therefore  reported  for  populations 
synchronized  at  three  cel’  ages  post 
mitotic  selection:  M  phase  (<’  hours).  G^ 
phase  (4  hours)  or  mid  S  phase  (1?  hours). 
At  the  appropi iate  time  the  attached  cells 
uere  trypsinized  and  uashed  tuice  in  a 
phosphate  buffered  saline  (PBS)  solution 
containing  EDTA  but  free  of  calcium  and 
magnesium.  Aliquots  uere  counted  uith  a 
Goulter  Counter  to  determine  the  cell 
concentration.  The  remaining  cells  uere 
transferred  to  1.5  ml  plastic  vials  and 
rapidly  frozen  to  -50°C.  Cell  protein  uas 
"xtracted  by  the  addition  of  digitonin  (2.5 
mp/ml)  immediately  after  a  rapid  thawing  of 
each  paraple.  Aliquots  of  the  supernatants 
of  the  drgi tonin- t I eated  samples  were  used 
lor  protein  and  enzyme  assays. 

Total  superoxidc  dismutase  (SOD)  activity, 
including  Cu/Zn  SOD  and  Mn  SOD,  uas  deter 
mined  according  to  the  method  of  McCord  and 
Fridovich  /ll/.  Total  cellular  protein  uas 
determined  by  the  Coomassie  brilliant  blue 
dye  binding  method  712/  using  standard 
protein  reagents  from  BioRad.  The  mean  of 
the  ratio  of  enzyme  activity  (U/mg  total 
protein)  and  protein  concentration  (mg/lO' 
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cells)  from  three  separate  measurements  of  both  enzyme  activity  and  protein  concentration 
are  reported  in  each  of  two  experiments.  The  standard  error  of  this  latio  reflects  the 
variance  associated  with  both  enzyme  activity  and  protein  concentration  (mg/10*)  measure¬ 
ments  as  described  by  Cleland  /13/. 


Human  T-1  Cells  for  radiation  exposures, 

cells  were  distributed 
into  tissue  cultuie 
flasks  and  allowed  to 
attach  as  a  monolayer. 
The  cells  were  irradiated 
through  the  wall  of  the 
flask.  Heavy-ion  expo¬ 
sures  were  made  at  the 
Bevalac  facility.  Paral¬ 
lel-plate  ionization 
chafiibers  were  used  for 
dose  measurements.  Dose 
calibrations  were  made 
with  ionization  chambers. 
Neon  ion  beams  of  425 
MeV/u  initial  energy  were 
used  for  these  experi¬ 
ments.  A  typical  Bragg 
ionization  curve  is  given 
in  Figure  /.  Exposures 
were  made  in  the  plateau 
(dose-average  LET  „  32 
keV/um)  and  in  the  Bragg 
peak  (dose-average  LET  = 
183  keV/um)  of  the  beam. 
The  physical  properties 
of  the  particle  beams 
including  the  calculated 
LET  distributions  of  the 
primary  particles  and  the 
f  ragmen  t.s  have  been 
described  elsewhere 

/14,15/.  In  the  case  of  experiments  with  synchronized  cells,  at  the  appropriate  culture 
age,  flasks  were  removed  from  the  37°C  incubator,  were  cooled  down  to  4”C  to  prevent  the 
cells  from  further  progression,  and  were  transported  to  the  Bevalac  facility  for  irradia¬ 
tion.  Unirradiated  control  cultures  were  handled  in  a  similar  fashion.  In  some  experiments 
the  cells  received  split  doses  of  the  plateau  ions  (low  LEI),  or  split  doses  of  the  Bragg 
peak  ions  (high  LET),  or  split  doses  of  high-LET  followed  by  low-LET  radiations.  Split- 
repair-  times  varied  from  one  hour  to  24  hours.  Control  samples  were  unirradiated,  or 
received  only  the  first  dose  fraction,  or  received  both  dose  fractions  in  an  immediate 
sequence. 


Time  after  synchronization  (hrs) 

Fig.  2.  Bragg  ionization  curve  of  Neon  425  MeV/u  ion  beam. 
Cellular  monolayers  were  placed  at  the  depths  indicated  in 
the  entrance  plateau  and  in  the  Bragg  peak 


When  irradiations  were  completed,  the  samples  were  teturned  to  37°C  and  assayed  foi  colony¬ 
forming  ability  by  standard  techniques.  Cells  were  tiypsinized,  resuspended,  counted, 
plated  into  MEM,  and  incubated  at  37'C  in  a  955!  air  and  SX  CO  incubator  tot  10  to  12  days. 
Colony- forming  ability  was  scored  by  staining  and  fixing  the  cultures  with  IZ  methylene  blue 
in  302;  ethyl  alcohol.  Clones  containing  at  least  50  cells  were  scored  as  survivors.  Colony 
counts  on  four  or  more  25-cm’  tissue  culture  flasks  were  aveiaged  for  each  data  point. 
Eight  or  more  flasks  were  used  for  control  and  high  dose  samples.  Survival  cut ves  were 
obtained  from  computer -f i ts  of  the  data  to  the  linear  quadratic  model  of  cell  inactivation 
using  programs  developed  by  N.U.  Albright  /!(>/. 

RESULTS 


Split  Dose  Effects  of  Low-  or  High  LET  Part  i  c j>n  Survival 

Dose- response  curves  for  exponentially  growing  human  T  1  cell  populations  iriadiated  with 
single-  or  split-doses  of  either  plateau  or  Bragg  peak  ions  from  a  neon  beam  with  an  initial 
energy  of  425  HeV/u  are  presented  in  Figure  3.  The  fractionation  interval  was  24  hours. 
The  data  indicate  that  there  is  split-dose  lecovery  of  the  damage  from  ihe  low  LET  pai ti¬ 
des,  but  no  recovery  is  observed  after  irradiation  with  ions  of  the  Bragg  peak.  The 
kinetics  of  split-dose  recovery  were  studied  at  shorter  time  intervals.  Flguie  4  is  a 
compilation  of  data  from  two  replicate  experiments  to  investigate  split  dose  effects  of  425 
MeV/u  neon  plateau  or  Bragg  peak  ions  where  the  time  between  the  two  doses  was  one  to 
twenty-four  hours.  The  data  show  dose-dependent  lecovery  in  the  plateau,  hut  no  recovei y  in 
the  Bragg  peak. 

The  split  dose  effects  of  low-  and  high  1. FT  neon  beams  on  synchionized  cell  populations  are 
presented  in  Figuie  5.  Population-s  of  cells  in  mid  C,  phase  or  late  S  pha.se  at  the  time  of 
the  first  dose  weie  studied.  In  agreement  with  the  asynchronous  expet iments,  the  data  show 
split-dose  recovery  of  damage  from  plateau  ions  and  a  lack  of  recoveiy  f i om  Biagg  peak  ions. 
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Split-Dose  Effects 
Asynchronous  Human  T-1  Cells 
425  MeV/u  Neon 


Split-Dose  Effects 
Asynchronous  Human  T-1  Cells 
425  MeV/u  Neon 


Fig.  3.  Dose-response  curves  for  asynchronous  cell  populations  irradiated  with  single  doses 
(solid  symbols)  or  split  doses  (open  symbols)  or  either  plateau  (circles)  or  Bragg  peak 
(triangles)  ions.  Different  symbols  represent  different  experiments.  The  fractionation 
interval  was  24  hrs. 

Pig.  4.  Kinetics  of  split-dose  recovery  of  asynchronous  human  T1  cells  irradiated  with  425 
MeV/u  plateau  or  Bragg  peak  ions.  Experiments  were  repeated  twice.  The  data  show  dose- 
dependent  recovery  in  the  plateau,  but  no  recovery  in  the  Bragg  peak. 


Split-Dose  Effects 
Synchronized  Human  T-1  Cells 
425  MeV/u  Neon 


Time  between  doses  (hrs) 


Fig  5.  Effects  of  425  MeV/u  Neon  plateau  (•)  or  Bragg  peak  (d)  ions  on  synchronized  cell 
populations  in  mid  G, -phase  or  late-S-phase  at  the  time  of  the  first  dose. 


CeH-CycIc  Radiation  Response 
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High  LET-  Low  LET 


Fig.  6.  Dose-tesponse  curves  for  late-S-phase  cells  cooled  to  ice  temperatures  and 
irradiated  with  single  doses  o£  plateau  ions  alone  (■),  or  single  doses  of  Bragg  peak  ion.>! 
alone  (•).  Some  cells  were  also  irradiated  with  Bragg  peak  ions  at  room  temperature  (&}. 
Also  shown  are  the  survival  data  for  cooled  cells  irradiated  sequentially  with  2.7  fty  Bragg 
peak  ions  followed  within  2  minutes  by  graded  doses  of  plateau  ions  (o).  Survival  expected 
from  the  independent  action  of  the  two  radiations  ( - ). 

Survival  data  measured  with  populations  of  cells  synchronized  either  in  mid 
G  -phase  or  late  S-phase  at  the  time  of  a  first  dose  of-  Bragg  peak  ions  followed  at  various 
times  by  a  dose  of  plateau  ions.  The  stars  represent  the  survival  level  expected  from  the 
independent  action  of  each  radiation. 


Enhancement  of  Cell  killing  from  Sequential  Doses  of  High-  and  Low-LET  Radiation 

Dose-response  curves  for  late-S  phase  cells  irradiated  with  plateau  neon  ions  alone,  or  with 
Bragg  peak  ions  alone  are  shown  in  Figure  6.  The  cells  were  cooled  to  ice  temperature  just 
before  irradiation  to  inhibit  cell  progression.  Repair  processes  may  have  also  been 
inhibited.  The  survival  data  from  cultures  irradiated  in  the  Bragg  peak  at  room  temperature 
also  are  shown  however  and  are  not  different  from  identical  cultures  irradiated  at  the 
reduced  temperature.  The  survival  curves  show  clearly  that  the  late-S-phase  cells  are 
resistant  to  radiation  damage  from  low  LET  neon  ion  beams  in  the  plateau  of  the  Bragg  curve, 
and  more  sensitive  to  doses  in  the  Bragg  peak.  Included  in  thi.s  study  are  survival  data  for 
cells  precooled  on  ice  and  Irradiated  sequentially  with  2.7  Gy  Bragg  peak  ions  followed 
within  two  minutes  by  graded  doses  of  plateau  ions.  The  survival  of  this  cell  population 
was  much  less  than  that  expected  from  the  independent  action  of  the  two  radiations  (shown  as 
a  dashed  line  on  Figure  6). 

To  exnlore  further  the  age-dependence  of  the  enhanced  lethal  effects  from  sequential  doses 
of  hfgh-LET  and  low-LET  ion  beams,  survival  data  were  obtained  from  populations  of  cells 
synchronized  either  in  mid  G  -phase  or  latc-S-phase  at  the  time  of  a  first  dose  of  Bragg 
peak  ions,  followed  at  various  times  by  a  dose  of  plateau  ions  (Figure  7).  Comparisons  of 
the  measured  survival  with  the  survival  expected  from  the  independent  action  of  each 
radiation  were  made.  The  data  show  that  C  -phase  cells  are  more  sensitive  than  expected  and 
become  even  more  radiosensitive  with  a  2-ht  Interval  between  the  two  doses  as  the  cells  move 
to  the  G  7S  border.  The  cells  then  show  increasing  radioresistance  that  levels  off  with  an 
8-hr  friictionation  Interval  at  a  survival  fraction  that  is  equivalent  to  what  would  be 
expected  Initially  from  the  Independent  action  of  the  two  radiations.  The  late-S-phase 
cells  are  also  much  more  sensitive  than  expected  with  the  combined  radiation  treatment,  but 
become  more  resistant  with  split-times  up  to  6  hrs  and  then  more  radiosensitive  when  the 
cells  divide  and  enter  G  -phase.  The  cell  progression  was  confirmed  with  results  obtained 
usi-'ig  flow  cytometry  methodology  (data  not  shown). 
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Cell  Agp-Dependent  SOD  Activity 

In  three  replicate  experiments,  exponentially  growing  human  T~1  cells  were  found  to  have  a 
total  (Cu-Zn-  and  Hn-containing)  SOD  enzyme  activity  level  of  21.3  +  1.9  U/mg  total  protein 
(mean  +  std.  error).  Biochemical  results  from  experiments  with  synchronized  cell  popula¬ 
tions  show  a  high  quality  of  synchrony  with  a  50Z  reduction  in  cellular  protein  from  0.2A 
mg/10^  in  M-phase  to  0.12  mg/lO*  in  G  -phase  (mean  of  two  experiments  -  see  Figure  8,  left 
panel).  The  specific  activity  of  SOD' however  exhibited  an  opposite  trend  from  the  protein 
content  data  with  a  significant  peak  of  30  U/mg  total  protein  in  G  phase  compared  to  17 
U/mg  total  protein  in  mitosis.  Intermediate  levels  of  protein  content  and  SOD  activity  were 
measured  for  S-phase  cells.  The  observation  of  a  peak  of  SOD  activity  in  G^  phase  has  also 
beer,  found  in  synchronized  Chinese  hamster  cells  /17/. 

DISCUSSION 

Particle  Split-Dose  Effects 

The  synergistic  effects  of  low-  and  high-LET  radiations  have  been  reported  in  sequential 
/18-24/,  as  well  as  simultaneous  /25,26/  exposuies  of  exponentially  glowing  asynchronous 
mammalian  ceils  to  radiations  of  different  qualities  (e.g.,  low-  and  high-LET).  The  cell 
killing  effects  due  to  damage  interaction  after  sequential  irradiations  with  a  high-LET 
particle  beam  and  X-rays  have  also  recently  been  reported  to  vary  throughout  the  Chinese 
hamster  cell  cycle  1211.  The  greatest  effect  was  observed  in  late-S-phase  which  was  most 
resistant  to  either  of  the  radiations.  In  this  paper  we  report  that  human  T-1  cells  show  a 
dose-dependent  recovery  from  split  doses  of  plateau  425  HeV/u  neon  ions  (32  keV/um).  Most 
of  the  recoveiy  is  completed  within  6-8  hours.  In  contrast,  no  recovery  is  measured  in 
split-dose  experiments  with  Bragg  peak  neon  ions  (183  keV/pm)  even  after  a  24  hr  fractiona¬ 
tion  time.  Secondly,  split-dose  experiments  with  synchronized  cell  populations  indicate 
cell-cycle  dependent  differences  in  recovery  kinetics  from  plateau  neon-ion  damage,  while 
both  mid  G  -  A"d  late  S-phase  cells  show  no  recovery  from  Bragg  peak  damage.  Finally,  we 
show  that  sequential  doses  of  Bragg  peak  ions  followed  immediately  by  doses  of  plateau  neon 
ions  are  more  effective  than  expected  from  the  independent  action  of  the  two  radiations. 
This  effect  is  dependent  on  the  age  of  the  cell  at  the  time  of  the  high-LET  radiation  ex¬ 
posure,  and  also  on  the  fractionation  interval  before  the  exposure  to  the  low-LET  radiation. 


Our  data  clearly  show  that  there  are  differences  in  the  effects  of  spiit-doses  of  low-  and 
high-LET  radiations  and,  also,  that  split  dose  effects  are  processed  differently  by  cells  in 
G  -  and  in  S-phase.  Under  certain  conditions  enhancing  effects  occur  between  low  and 
high-LET  radiation  dose  components.  The  simplest  explanation  for  the  data  in  Figures  4  and 
5  is  that  single  high-LET  particle  tracks  produced  by  Ions  in  the  Bragg  peak  are  by  them¬ 
selves  sufficient  to  kill  cells.  This  may  be  because  each  of  these  tracks  is  capable  of 
producing  several  DNA  lesions  in  close  proximity  along  the  track,  which  then  may  interact 
resulting  in  enhanced  misrepair  /28/.  The  lethal  effects  of  high-LET  radiation,  hence, 
become  somewhat  independent  of  the  temporal  sequence  of  its  administration.  Low-LET  neon 
ions  produce  more  diffuse  lesions.  Lesions  produced  by  the  first  dose  are  more  likely  to  be 
repaired,  or  otherwise  modified,  before  more  lesions  are  produced  by  the  second  dose. 

Data  such  as  are  shown  in  Figures  6  and  7,  indicate  that  high-LET  tracks  made  by  particles 
in  the  neon  Bragg  peak  produce  sublethal  lesions  in  cell  nuclei.  These  lesions  can  then 
interact  with  a  subsequent  low-LET  dose.  Uhy  there  is  a  time-dependent  structure  of  the 
effects  shown  in  Figure  7,  and  why  these  effects  are  different  in  G  -  and  in  S-phase  is  not 
completely  understood  at  presenr.  One  possibility  is  that  the  nigh  concentration  of 
cellular  factors  including  SOD  activity  in  G  -phase  reduces,  via  a  decrease  in  oxygen 
radicals,  the  concentration  of  DNA  lesions  produced  by  low-LET  radiati'ns.  In  contrast,  as 
shown  in  Figure  8,  the  activity  of  SOD  is  reduced  in  late-S-phase,  and  therefore,  the 
enhancing  effects  of  low-  and  high  LET  radiations  can  be  greater.  Another  possibility  is 
that  the  first  high-LET  dose  may  perturb  the  cellular  radioprotective  fac'ors  in  the  period 
following  the  exposure  to  the  neon  peak.  Further  work  is  needed  to  explain  the  molecular 
mechanisms  underlying  these  effects  and  to  investigate  additional  cell-cycle  dependent 
modifications  of  these  effects  with  time  between  the  two  radiation  doses. 

Radiation  Age  Response :  Intracellular  Factors 

It  has  been  known  since  the  early  1960s  that  there  ate  variations  in  the  radlosensl t l"i ty  of 
cultured  mammalian  cells  at  different  phases  of  the  division  cycle  /29-32/.  In  the  late 
1960s  and  early  1970s  high-LET  radiation.s,  including  fast  neutrons,  alpha  particles,  pions 
and  heavy-ion  particle  beams,  were  found  to  diminish  the  amplitude  of  the  variation  between 
the  most  sensitive  and  the  most  resistant  phases  (see  733/  for  review).  Rodent  cell  lines 
with  a  short  G  phase  (about  2  h)  were  primarily  used  in  these  studies  which  indicated  that 
the  reduced  a^e  response  was  still  qualitatively  similar  to  that  of  low-LET  radiations  in 
that  cells  at  (or  near)  mitosis  and  at  the  G,-S  phase  interface  are  more  radiosensitive  than 
late-S  phase  cells. 
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Cell  Age  Cell  Age 

Fig.  8.  Human  T  I  cell-cycle  stage  dependence  of  total  cell  protein  content  in  mg  per  ]0‘ 
cells  (left  panel)  and  total  SOD  enzyme  activity  per  mg  of  total  protein  (right  panel).  The 
data  are  from  two  separate  experiments.  Error  estimates  represent  in  each  r,,se  the  standard 
error  of  the  mean  of  three  replicate  samples. 

In  human  cells  vhich  have  generally  a  much  longer  0  -phase,  two  peaks  of  t adioresistance  to 
low  LET  radiation  are  usually  seen,  one  in  C  -  ana  one  in  S-phase  /34/.  Recent  work  has 
indlraied  that  high-LET  radiations  eliminate  the  X-ray- resistant  peak  of  suivival  at  early 
G  -phase  in  synchronized  human  cells,  but  not  the  resistant  peak  at  late-S-phase,  thus 
siggesting  a  differential  age  dependence  of  tatiiolesions  and/or  repair  effects  depending  on 
radiation  quality  /35-37/. 

Early  attempts  to  correlate  a  single  molecular  factor  or  activity  like  DNA  rynthesis  as  an 
explanation  for  the  age  dependence  of  radiosensitivity  through  the  cell  cycle  proved  to  he 
Inadequate  since  it  failed  to  explain  radiot esistance  in  C.j-phase.  Based  on  measurements  of 
sulfhydryl  variation  that  indicate  non  profein  sulfhydryls  aie  greatest  in  G,  phase,  whereas 
glutathione  levels  are  greatest  in  S-phase  /33,39/,  Sinclair  proposed  a  factor  "0"  that  may 
be  some  small  fraction  of  the  intracellular  pool  which  varied  as  a  function  of  cell  cycle 
position  to  control  cell  survival  /40/.  We  liave  recently  demonstrated  that  cell  age- 
dependent  fluctuations  in  glutathione  (GSM)  and  gl(,tathione  disulfide  in  human  T  1  cells  are 
correlated  with  changes  in  X-ray  oxygen  enliancement  ratio  (OER)  for  cell  survival  /41/, 
however,  this  effect  may  be  a  consequence  oi  fluctuations  in  GSH  and/or  other  cellular 
factors  resulting  in  differences  in  the  initial  damage  and/or  the  cells'  ability  to  repair 
these  lesions. 

DNA  damage,  measured  as  DNA  strand  breaks,  has  been  shown  to  be  readily  modified  by  GSH 
concentrations  at  oxygen  levels  typically  found  in  tissues  /42/.  The  types  and  yield  of 
radiation-induced  base  damage  are  clearly  dependent  on  the  oxygen  concentration  as  demon¬ 
strated  from  model  system  studies  using  nucleic  acids  /43/.  DNA  conformation  also  can 
Influence  the  yield  and  type  of  base  lesions  formed  from  OH  radical  attack  on  DNA  /44/.  In 
cellular  studies,  Dewey  et  al .  /45/  examined  changes  in  radiosensitivity  and  dispersion  of 
chromatin  during  the  ceTT  cycle  of  synchronous  Chinese  hamster  cells.  They  found  that  the 
decrease  in  X-ray  radiosensitivity  as  cells  moved  from  mitosis  to  S  phase  correlates  well 
with  the  dispersion  of  chromatin  that  oc-urs  during  these  parts  of  the  cell  cycle.  They 
hypothesized  that  based  on  DNA  fiber  dimensions  and  how  tightly  they  are  packed,  the 
probability  for  lesion  interactions  between  lesions  could  explain  the  similarity  of 
sublethal  and  potentially  lethal  lesion  repair  kinetics.  They  could  not  account  for  the 
increase  in  radiosensitivity  at  the  G  /S  interface.  With  regard  to  high  LET  lesions  it  is 
likely  that  the  increasing  dispersion  of  chromatin  /45,46/  and/or  its  association  with 
membranes  /47/  through  the  G  -phase  nucleus  as  the  cell  ages  could  result  in  changes  in  the 
volume  or  distribution  of  ciltical  targets  irradiated  with  paiticle  beams  compared  to  X  rays 
/ID/  and  thereby  explain  LET-d i f f ei ences  in  relative  radiosensi t ivi ly 

If  we  return  to  the  concept  of  the  age  dependeiicv  of  the  cell's  ability  to  repair  lesions, 
the  cellular  levels  of  GSH  may  contribute  to  the  maintenance  of  the  cellular  redox  capacity, 
a  prerequisite  for  normal  metabolism  to  occur.  Further  studies  on  the  importance  of  tedox 
state  in  radiosensitization,  however,  are  needed.  The  isolation  of  radiation  repair 
deficient  mammalian  mutant  cell  lines,  notably  a  Chinese  hamster  cell  line  that  is  extremely 
sensitive  to  killing  by  gamma  irradiation  in  the  G  and  early  S  phases  of  the  cell  cycle, 
but  which  has  normal  resistance  in  late  S  phase  /4hK  has  significantly  enhanced  out  under 
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Standing.  The  mutant  is  able  to  repair  single-strand  DNA  breaks  (ssb),  but  is  deficient  in 
the  repair  of  double-strand  DNA  breaks  (dsb)  produced  by  y-irradiation  during  the  sensitive 
G  -  and  early  S-phase.  In  the  resistant  late-S  period,  repair  is  nearly  the  same  for  both 
trie  mutant  and  parent  cell  types.  This  correlation  between  y-ray  sensitivity  and  repair, 
strongly  suggested  that  an  inability  to  repair  double-strand  DNA  breaks  in  G  -phase  is  the 
basis  for  the  hypersensitivity  of  the  mutant  to  the  lethal  effects  of  y-rays  during  this 
phase  of  the  cell  cycle.  These  researchers  have  stated  that  their  work  also  implies  that  in 
normal  cells  there  are  at  least  two  pathways  for  the  repair  of  double  strand  breaks,  one  of 
which  functions  primarily  in  late-S  phase,  and  the  other,  either  throughout  the  cell  cycle 
or  only  in  the  Gj-  and  early-S  phases.  Radiosensitive  mutant  Chinese  hamster  ovary  cell 
lines  isolated  by  Jeggo  and  Kemp  /49/  hav"  also  recently  been  shown  to  have  a  detect  in 
double  strand-break  rejoining  /50/.  Additional  work  involving  genomic  DNA  transfection 
experiments  have  shown  that  after  gene  uptake,  revertant  cells  are  able  to  survive 
y- i rrad ia t ion  as  well  as  the  wild  type  CHO  line,  and  in  one  of  the  cells  studied,  normal  dsb 
repair  and  the  normal  reversible  nature  of  the  G^-block  in  division  was  restored  /51/. 

Delays  in  cell  division  from  exposure  to  low-l.ET  ionizing  radiations  are  known  to  prolong 
the  duration  of  S  phase  and  cause  a  G  -phase  delay.  A  pronounced  increase  in  the  effective¬ 
ness  of  high-LET  radi.T.ions  in  delaying  cells  in  G^-phase  has  been  reported  /5?./.  In  space 
under  the  combined  stresses  of  exposure  to  transit  vibration  and  acceleration  and  radiations 
of  different  LET,  alterations  in  cell  progression  could  be  further  altered  by  microgravity. 
It  has  been  reported  'hat  at  high  g,  cells  divide  faster  at  the  expense  of  reduced  motility, 
since  energy  consumption  remains  the  same,  while  in  microgravity,  lymphocytes  show  a 
dramatic  reduction  in  proliferation  rate,  reduced  glucose  consumption,  but  a  strong  increase 
of  interferon  secretion  /b3/.  WI-38  embryonic  lung  cells  which  do  not  undergo  differentia¬ 

tion  steps  grow  and  move  normally  at  zero  gravity,  but  they  also  consume  less  glucose  /5A/. 
This  has  led  to  the  conclusion  that  cells  arc  sensitive  to  gravity,  especially  those  which 
are  differentiating. 


Alterations  caused  by  weightlessness  on  the  etfect  of  radiation  .lave  for  the  most  part  been 
in  the  form  of  au  enhancement  of  the  radiation  effect  /55/.  This  is  especially  noted  in  the 
direct  genetic  studies  in  which  there  is  enhancement  in  a  large  number  of  cases  involving 
chromosome  breakarre  and  rejoining  /56-58/.  Developmental  anomalies  are  also  enhanced  by 
weightlessness,  related  very  likely  to  genetic  alterations  /59-61/,  as  perhaps  is  also  the 
significant  loss  of  xanthine  dehydrogenase  activity  in  Drosophila  larvae  /62/. 

New  satellite  bioexperiments  to  be  discussed  at  this  meeting  will  likely  contribute  to  our 
basic  understanding  of  the  molecular  mechanisms  operating  under  weightless  conditions  that 
are  responsible  for  altering  chromosome  damage  from  radiation.  Further  experimentation  is 
needed  to  systematically  evaluate  the  consequences  of  the  combined  stresses  of  weightless¬ 
ness  and  the  damage  interaction  of  radiations  of  different  quality  on  various  phases  of  the 
cell  division  cycle.  We  have  reported  preliminary  measurements  of  cell  age-dependent 
activity  of  SOD  enzyme  that  indicate  a  peak  level  in  Gj-phase  prior  to  DNA  synthesis. 
Gamma  radiation  induction  of  SOD  enzyme  activity  has  been  reported  /63,64/  as  well  as  the 
radioresistance  of  Drosophila  larvae  with  a  highly  active  SOD  allele  /65/.  It  may  be 
Important  to  explore  radiat ion- induced  alterations  in  SOD  enzyme  activity  as  a  part  of  the 
modification  of  radiation  response,  especially  under  the  stresses  of  the  space  environment. 
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Bl'RGH.'VRDT.  W  F..  JR.  .AND  W.  A.  Hl'NT  CharavierisiU  s  of  rudialinn-injut  ed  performance  changes  in  har-press  avoidance 
v  irh  and  nithoia  a  preshock  warning  cue.  PHARMACOL  BIOCHEM  BEHAV  33(.^)  .‘'4'J-554.  19X9.  —  Rats  were  trained  to  perform 
01, e  oi  tnree  tasks  in  which  responses  on  a  lever  delayed  the  onset  of  Rnitshoek  for  20  see.  One  task  provided  a  warning  tone  beginning 
1.“'  sec  after  the  last  respon.se  on  the  lever  and  lasting  for  .5  sec  just  prior  to  the  presentation  of  a  shock  (fixed-interval  signalled 
avoidancei.  while  a  second  task  provided  no  external  cues  (unsignalled  avoidancei.  The  third  task  was  similar  to  the  fixed-interval 
signalled  avoidance  task,  except  that  the  warning  tone  preceding  shock  began  at  varying  intervals  after  the  last  response  on  the  lever 
(variahle-inteval  signalled  avoidance).  Animals  trained  on  the  signalled  avoidance  paradigms  received  fewer  shocks  than  those  on  the 
unsignalled  avoidance  paradigm.  After  10  krads  of  gamma  radiation,  animals  performing  on  either  task  with  cues  were  less  able  to 
avoid  shock,  although  they  recovered  somewhat  over  a  90-min  period.  The  animals  not  provided  cues  also  experienced  more  shocks 
during  the  first  10  min  after  irradiation  but  were  relatively  less  affected  in  performing  the  task.  Response  rates  on  the  bar  and  the 
patterns  of  responding  on  these  tasks  were  not  significantly  different  after  irradiation,  except  that  animals  responded  after  the  onset  of 
shiK-k  more  often  after  irradiation  than  before  These  results  suggest  that  rats  will  continue  to  effectively  use  task  related  cues  after 
irradiation,  but  tnat  the  relative  degree  of  behavioral  decrement  may  depend  on  the  initial  level  of  performance  or  possibly  the 
complexity  of  the  task 


Performance  loni/ing  radiation  Avoidance  Cues 


BEH.AVIOR.AL  deficits  are  commonly  observed  in  laboratory 
animals  after  high  doses  of  ionizing  radiation  and  have  been  found 
as  degraded  performance  on  a  number  of  tasks  (bi.  Behavioral 
abnormalities  have  been  observed  in  victims  of  a  number  of 
nuclear  accidents,  including  the  one  at  Chernobyl  (4,  7.  8). 
.Although  some  of  these  responses  could  have  resulted  from 
generalized  trauma,  they  might  reflect  an  effect  of  ionizing 
radiation  on  behavior.  This  laboratory  has  been  studying  the 
ability  of  rats  to  actively  avoid  shtx'k  and  how  exposure  to  ionizing 
radiation  can  disrupt  this  behavior.  Initial  studies  involved  using  a 
task  in  w  hich  animals  learned  to  jump  up  onto  a  ledge  to  avoid  an 
electrical  fiKit-shock  (5).  Auditory  cues  were  provided  to  alert 
subjects  to  an  impending  shtxk.  The  results  demonstrated  that 
doses  of  2.fi  to  20  krads  of  high-energy  electrons  or  gamma 
photons  degraded  the  performance  on  this  active  avoidance  task  in 
a  dose-dependent  manner.  Escape  behavior  was  unaltered.  Fur¬ 
thermore.  electrons  were  more  effective  than  photons  in  disrupting 
this  task. 

In  an  attempt  to  characterize  this  effect,  additional  experiments 


were  undertaken  to  determine  whether  the  animals  were  capable  of 
performing  the  required  movements  and  whether  they  would  ask 
for  and  use  visual  and  auditory  cues  to  enhance  performance  (2). 
.A  paradigm  was  used  that  involved  responses  on  two  levers  each 
with  different  consequences  ( I ).  When  one  lever  was  pressed,  an 
electrical  shock  occurring  at  .X-sec  intervals  was  postponed  for  20 
sec.  Pressing  the  other  lever  activated  a  visual  cue  (overhead  light) 
for  a  bO-sec  period,  during  which  an  auditory  cue  (tone)  occurred 
5  sec  before  the  presentation  of  each  shock.  The  animals  rapidly 
learned  to  respond  for  the  tone  and  to  use  it  to  effectively  avoid 
shot'k . 

A  lO-krad  dose  of  gamma  photons  severely  disrupted  the 
ability  of  animals  to  perform  this  task  (2).  Almost  immediately 
after  irradiation,  the  animals  received  significantly  more  shocks 
than  controls.  However,  the  animals  could  readily  execute  the 
required  movements  of  pressing  a  bar.  In  fact,  responding  on  the 
lever  to  avoid  shock  increased,  but  mostly  just  subsequent  to  the 
onset  of  shock.  In  addition,  irradiated  subjects  did  not  continue  to 
respond  to  produce  the  visual  and  auditory  cues.  In  other  words. 
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instead  of  resptmding  for  the  cues,  the  animals  responded  to  the 
shtK'ks.  When  subjects  did  use  the  tones  after  irradiation.  the\  did 
so  in  a  way  which  suggested  that  they  detected  the  cues  and  were 
able  to  respond  to  them  appropriately.  In  other  experiments, 
animals  were  shown  to  receive  increased  shocks  after  doses  of 
radiation  as  low  as  2  krads  (unpublished  observations!. 

In  the  present  experiments,  we  attempted  to  determine  whether 
the  presence  of  temporal  and  sensory  cues  influenced  an  animal's 
performance  after  irradiation.  In  one  experiment,  rather  than 
require  the  animals  to  specifically  respond  for  preshock  warning 
cues  as  in  the  previous  study  (2),  these  auditory  cues  were  always 
available  (fixed-interval  signalled  avoidance i.  In  another  experi¬ 
ment.  no  cues  other  than  temporal  ones  were  available  (unsig¬ 
nalled  avoidancei.  .A  third  experiment  provided  no  predictability 
of  the  onset  of  shock  based  on  temporal  cues.  Instead,  the  subject 
received  the  same  average  number  of  preshock  warning  cues  as  in 
the  experiments  using  the  fixed-interval  signalled  avoidance  par¬ 
adigm,  except  that  the  time  of  onset  of  the  warning  signal  after  a 
response  was  unpredictable  temporally  (variable-interval  signalled 
avoidancei. 

METHOD 

Thirty -six  male  Long  Evans  (Blue  .Spruce l  rats  (,1(K)  gi  were  the 
experimental  subjects.  Rats  were  quarantined  on  arrival  and 
screened  for  ev  idence  of  disease  by  serology  and  histopathology 
before  being  released  from  quarantine.  The  rats  were  housed 
individually  in  p<ily carbonate  isolator  cages  (Lab  Products.  May- 
wood.  NJi  on  autoclaved  hardwood  contact  bedding  (  Beta  Chip' 
Northeastern  Products  Corp,,  Waaensburg,  NYi  and  were  pro¬ 
vided  commerical  rodent  chow  ( 'Wayne  Rodent  Blok'  Continental 
Grain  Co..  Chicago.  11. t  and  acidified  water  (pH  2., 5  using  HCI) 
ad  lib.  .Animal  holding  rooms  were  kept  at  2 1  t  I  C  with  .50  r  M)'< 
relative  humidity  on  a  reversed,  12-hr,  light:dark  lighting  cycle 
with  no  twilight. 

The  apparatus  and  experimental  designs  were  similar  to  those 
previously  described  i2i,  except  as  indicated  below  Prior  to  the 
first  training  session,  animals  were  placed  in  the  operant  chambers 
for  .It  least  2  hr  to  familian/e  (hem  w  iih  the  apparatus.  Thereafter, 
each  experimental  session  lasted  4  hr.  The  animals  ihen  were 
trained  to  avoid  a  0  . 5-sec.  scrambled,  elecirical  looishock  1 1 .0 
m.Ai  by  responding  on  the  left  lever.  Responses  on  (he  right  lever 
had  no  scheduled  consequence  in  this  study  A  single  response 
postponed  the  onset  of  shock  by  20  sec.  In  (he  absence  of 
responding,  shock  occurred  at  5-sec  intervals  I  welve  ot  the  rats 
received  a  5-sec  warning  lone  |usi  prior  to  the  scheduled  piesen- 
tation  of  a  shock  (fixed-interval  signalled  avoidancei  lOi  In  this 
group,  the  onset  of  the  warning  lone  always  followed  the  last 
response  on  the  lever  by  15  sec.  -Another  12  rats  received  the  same 
preshock  warning  tones,  except  that  the  interval  between  a 
response  on  the  lever  and  the  onset  ot  the  warning  cue  before  the 
next  scheduled  shock  varied  with  equal  probability  between  D.5 
and  I2D  sec  Ihe  mean  interval  was  15  sec  (the  same  as  the 
interval  in  the  lixed-inleval  signalled-avoidance  groupi  making  the 
lime  ot  the  onset  of  the  warning  tone  in  this  group  effectively 
unpredictable  i  vanable-inlerval  signalled  .ivoidancei.  Ihe  last  12 
rats  weie  trained  similarly,  except  no  warning  tones  were  provided 
lunsignalled  .ivoidancei  i  lib.  Iraining  was  complete  when  the 
animals  could  successfully  avoid  more  than  W <  ot  the  shocks  that 
could  be  presented  i  12  mini. 

During  the  warning  lone,  a  response  on  Ihe  lever  term  mated  Ihe 
warning  lone  and  reset  the  response  to  lone  interval.  Responses 
made  during  shock  presentation  (ermmaled  both  shock  anil  warn 
mg  tones  and  also  reset  Ihe  response  to  tone  interval  (response  to 
shock  interval  in  unsignalled  avoidance).  In  the  .ibsence  of  a 


response  in  either  signalled  condition,  shock  onset  followed  the 
onset  of  the  preshock  warning  tone  by  5  sec.  If  no  response  was 
made  during  Ihe  shock.  Ihe  lone  and  shock  terminated  simulta¬ 
neously  0.5  sec  after  shock  onset. 

After  Iraining.  subjects  were  habituated  to  the  effects  of 
inlerrupling  the  schedule  and  transporting  them  for  irradiation. 
After  2  hr  of  performing  the  task  on  which  the  animals  were 
trained,  the  session  was  suspended  with  the  lone  and  response 
lever  disabled.  The  animal  was  placed  in  a  Plexiglas  restraining 
lube,  transported  to  the  ''“'Co  facility,  and  returned  without  being 
irradiated.  The  session  then  resumed.  This  procedure  was  repeated 
daily  until  there  was  less  than  a  lO'i  difference  in  the  number  of 
shocks  received  and  in  the  number  of  responses  made  during  the 
next  hour,  compared  vv  ith  those  during  the  hour  before  remov  ing 
the  animals  from  Ihe  conditioning  chambers. 

.After  habituation,  each  group  of  animals  who  learned  the 
fixed-interval  signalled  avoidance,  unsignalled  avoidance,  or  vari¬ 
able-interval  signalled  avoidance  tasks  was  randomly  div  ided  into 
two  subgroups,  composed  of  six  animals  each.  From  each  group  of 
trained  animals,  one  subgroup  was  irradiated  with  a  single  bilateral 
dose  of  10  krads  of  gamma  radiation  from  a  ''"Co  source  at  a  rate 
of  6.6  krads, 'min.  Control  subgroups  were  handled  identically, 
except  they  were  not  irradiated.  The  transport  lime  from  the 
radiation  facility  to  Ihe  conditioning  chambers  was  less  than  5  min. 
.At  the  end  of  the  study,  all  animals  were  euthanized  with  a 
barbiturate  overdose  (HO  mg/kg.  IP)  within  48  hr  after  irradiation. 
All  animals  were  submitted  for  necropsy  and  found  to  be  free  of 
concurrent  disease. 

For  radiation  dosimetry .  paired  .50-ml  ion  chambers  were  used. 
Delivered  dose  was  expressed  as  a  ratio  of  Ihe  dose  measured  in  a 
lissue-equivaieni  plastic  phantom  enclosed  in  a  restraining  tube  to 
that  measured  free  in  air. 

For  the  analysis  of  data,  only  the  measurements  made  during 
the  60  min  prior  to  and  the  90  min  after  irradiation  were  used, 
periods  when  the  performance  of  the  animals  was  most  consistent. 
The  data  collected  were  divided  into  six.  lO-min  blocks  before 
removal  from  the  apparalu~  for  irradiation,  and  nine.  10-min 
blocks  postirradiaiion.  For  response  measures,  each  posiirradia- 
tion  block  was  totaled  and  expressed  as  the  percentage  of  the  mean 
number  of  responses  for  the  six.  10-min  periods  immediately 
preceding  irradiation.  Responses  from  the  sham-irradiated  animals 
similarly  were  recorded.  .All  other  measures  were  presented  as 
totals  for  each  10-min  period.  The  data  were  analyzed  statisiicallv 
using  multiple  factor  analyses  of  variance  with  repealed  measures 
on  one  laclor  (II).  Radiation  dose  lO  or  10  kradsi  was  one  factor, 
and  the  lime  after  treatment  was  the  repealed  factor.  The  level  of 
significance  was  0.05, 

KI  St  I  I  S 

rnirradialed  animals  perlornied  well  on  both  signalled  and 
unsignalled  avoidance  paradigms.  However.  |X‘rtoniiance  was 
K-lterwhen  auditory  cues  were  available.  Those  animals  provided 
warning  tones  typically  received  less  than  five  shocks  during  a 
|0-mm  period  d  igs  I  and  2)  However,  animals  provided  no 
warning  lones  were  less  proficient  in  avoiding  shock.  I'hev 
typically  received  about  8  shocks  per  lO-min  period.  Ii.'.l.^i- 
4.2.^.  /'■  (I  (15  1  Fig.  ') 

Irradiated  animals  experienced  an  increased  number  ot  shocks, 
although  they  did  not  exhibit  any  gross  abnormalities  in  sponta¬ 
neous  behavior  and  were  able  to  move  about  freely.  Animals 
performing  either  signalled  avoidance  i.isk  received  approximately 
Ml  times  as  many  shocks  during  the  first  10  min  after  irradi.ition 
IFil.lOi  15  6').  />■  (1(15.  for  the  fixed-interval  signalled  .ivoid- 
ance  group:  1(1.11))  XO),  />  0 05.  lor  the  variable-interval 
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FIG  1  Mean  number  NhtKks  and  uaminj!  tunes,  r  SF:M.  recened  bs  animals  trained 
t>n  the  fixed'interNal  sicnalled  avoidance  paradiem  Control  \alues  are  the  result  I'l 
pending  the  values  lor  all  suhiects  in  the  ct'iitrol  gr<»up  It'r  the  min  alter  sham 
irradiation.  The  data  presented  were  based  on  i>bseiAations  irom  ^  animals 


signalled  asoidanee  group],  compared  to  a  Z  .'s-lold  increase  in 
shiK'ks  received  by  the  animals  performing  the  unsignalled  avoid¬ 
ance  paradigm.  Ft  l.l()i  =  0.02.‘',  /)  >0.05.  During  the  remaining 
80  min  of  the  session,  perfomiance  improved,  but  the  number  i>f 
shevks  received  by  animals  perfonning  the  two  signalled  avoid¬ 
ance  paradigms  continued  at  a  significantly  higher  level  relative  to 
controls.  The  number  vif  warning  tones  provided  to  the  animals 
performing  on  the  signalled  avoidance  paradigms  was  unchanged 
after  irradiation  (Fi  1 ,10)  =  2.08,  /)>0.0.^.  for  the  fixed-interval 
signalled  avoidance  group;  Ft  I .  lOi  =  0.7.i.S,  p>().05.  for  the 
variable-interval  signalled  avoidance  group]  tFigs.  I  and  2i. 

.Although  the  animal  performing  on  any  of  the  three  paradigms 
experienced  more  shocks  after  irradiation,  they  were  still  able  to 
respond  on  the  avoidance  lever.  The  response  rates  varied  depend¬ 
ing  on  the  paradigm  used.  With  the  fixed-interval  signalled 


av(iidance  paradigm  the  rate  was  lowest  tb.^  8r4  7  responses 
lO-min  mtervali.  while  that  lor  the  unsignalled  avoidance  para¬ 
digm  was  the  highest  i  lO.T  1-7,2  responses  lO-min  inteval i  The 
response  rate  for  the  variable- interval  signalled  avoidance  group 
was  intennediaie  (W.4.-1  4  responses  |l)-mm  interval'  How¬ 
ever.  after  irradiation,  the  average  number  of  responses  during 
each  llt-min  interval  was  not  significantly  different  from  controls 
idata  not  showni 

Since  the  rale  of  responding  remained  unchanged  but  the 
number  of  shocks  received  increased,  the  pattern  of  respond  ng 
may  be  altered  by  irradiation.  To  test  this  ptissibihty .  interresponse 
lime  ilRTi  histograms  were  constructed  for  the  fixed- interval 
signalled  and  unsignalled  avoidance  grc'ups  in  order  to  determine 
the  distribution  of  respimses  during  a  session.  iThe  data  for  the 
variable-interval  signalled  avoidance  group  were  not  suitable  for 
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FIG  2  Mean  number  <>l  Nhevks  and  warning  umes.  i  SFM.  rcccixcd  b\ 
animals  trained  on  the  variable  tnierxal  signalled  avoidance  paradigm 
Control  values  are  the  result  o!  ptmling  the  values  lor  all  subfccts  in  the 
control  group  for  the  min  after  sham  irradiation  The  data  presented 
were  ba.scd  on  observations  from  6  animals 


FUi  ^  Mean  number  of  shtvks.  ♦  Sl-M.  received  bs  animaK  trained  on 
the  unsignalled  avoidance  paradigm  (”t>ntrol  values  are  the  rcMili  of 
pending  the  value^  ol  all  sub)ectN  in  the  ctmtrol  group  tor  the  mm  alter 
sham  inadiaiion  The  data  presented  were  based  »'n  obsorvalionN  Irom  b 
animals 
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lnt*'(v.ll  in  S»'i  nnij'. 

f-Ki  4  I A I  Inicrn-vpiinsi'  divlnhuiioii.  "SIM.  loi  iho  mnlrol  ^tnup 
traincil  nti  Ihc  lixcd  inlcrval  'ijinallcil  axoulatKc  paiaxliem  alUT  '.naiii 
irrailialinn  Amiw.  iililKak'  ihi'  imit-s  nt  oriH'l  I'l  «arttini.'  tniK''  ami 
xhivk'  ih'  Inli-nfxpiinM’  Jmiiihiiiinn  •  S|  VI  lor  ihx-  iiiadiaU'il  L'loup 
Scales  Int  Snih  L’raphs  are  ulertlteal  The  mean  mimhei  ot  [esp«>nses  jx-i 
sessron  \xas  •  4fi  The  slal.i  presenteil  \xere  hascal  nn  ‘'hserxatinns  Iinm 
h  annriai' 


this  i\pe  (if  .irisilxsis  txv.iuse'  ihe  .inmial's  response  In  ihe  w.iriiiiiL’ 
lone  was  nol  reliahls  relalei)  lo  Ihe  snhieeTs  Iasi  response  and 
eonseqnenlK  showed  a  Hal  disiribiilion  i  Based  on  (he  reepiire 
ments  ol  the  lived  rnlersal  siL'iialled  avoidanee  parailipni.  ihe 
siihieels  as  evpeeled.  responded  tnosiK  pisi  aller  ihe  onsel  ol  ihe 
warnine  lone  iTie  4Ai  On  ihe  oiher  hand,  ihe  animals  |XTlorm 
inj:  on  the  unsienalled  .ixoid.inee  paradiein  ollen  res[xiniled  lo  ihe 
shrxk  and  eoniimied  responvline  lor  a  lime  wilh  short  IR  I  s  ipie 
SAi  As  Ihe  IRTs  lenelhenexl.  a  shock  evenluallv  occurred 
preeipiialmj;  another  pernxl  ol  responses  wnh  short  IR  Is 

Ihe  pattern  ol  IRIs  alter  irr.idialion  was  not  ereallv  alleeu-d 
Those  anim.ils  trained  on  Ihe  lived  inlerval  sij;nalled  avoidance 
paradifini  siill  responded  alter  Ihe  warning  lone  iTip  4Hi  How 
ever,  when  subiecis  did  nol  avoid  shtxk.  Ihev  usuallv  resjvonded 
(iisi  alter  Ihe  onset  o|  shock  Tc*w  response’s  occurred  .il  lone 
intervals  alter  shixk  The  IR  I  s  ol  the  irradialed  animals  trained  on 
Ihe  iinsienallerl  avoidance  p.iradiem  were  essenli.illv  Ihe  same  as 
iheir  correspondine  controls,  evcepl  ihere  were  more  shixk 
elicited  responses  H  ie  ^Bi 

In  order  to  determine  whether  the  irradialeil  animals  m  ihe 
lived  inlerval  sienalled  avoidance  eroup  were  leallv  iisine  the 


liilS 


M(»  ^  '  \»  liiuiu-vp.  'Dvc  tijsii •  S|  \1  ?i'i  rhi'  vi'ntji'i 

ir.niKHl  «*n  ihc  cIV«'u1.iiku  p.ii.uiic.'in  iMut  ‘•[i.im  iilu1i.i»i“P 

\n«‘\K  iiutiv.ilc's  !hc  tnno  onvci  ft  shfv  H  Intc! tuvpftivu  di  •int'-uii.T 
•  SI  \1  tiM  ihe  iiiaslialea  eioup  Ss.ilc'  tei  ls.>ih  cM.iphs  .m  uteiilu.ii  llu' 
mean  ruimhc’i  ''I  res(S'nsc-s  [x-.*  sessna;  ujs  nsw  •  sj  j  laessMiss; 

wele  basest  sm  ohseiv  aln'iis  tiism  is  .mimals 


warnine  (ones,  the  l.ileik  les  fx’lween  Ihe  piesentalion  ol  the  is'iie 
and  ies(Hindine  on  the  .ivssnlaiice  level  weie  sleterminesi  aiul  aie 
shown  in  Tie  h.  It  was  assnnied  ih.it  n'lisisienllv  slusrt  l.iteiK  ic  s  to 
res|xind  would  lollow  the  piesenl.ilion  isl  a  lone  ShiTl  l.iieiicies 
were  lound  in  Nith  irt,idi,iled  aiul  limit astialed  anim.ils  indic aline 
that  the  animals  cinild  delect  and  use  the  tones  even  .ittei 
iiT.iclialiirn 

Suh|c’c(s  iti  (he  v-iri.ihli-  nKeiv.il  sien.illesi  .ivotd.iiKe  enuip 
IX’rlormed  smiil.irlv  to  those  in  the  lived  inlerval  sien.illed  .iv.ml 
.iiKe  eiotip  (Tie  'i  Ihe  loimei  ennip  ,ilso  lespoiuleil  with 
coTisisienllv  shoil  l.ileiKies  to  the  onset  ol  the  w.unine  lone'  in 
tx’ih  in.idi.ileil  and  uniri.idi.ited  s ('iislilions .  indic.iline  ih.il  even 
when  the  onset  sst  Ihe  w.unine  tone  was  ni.ide  impiedictahle  the 
animals  continued  lo  w.iii  h'l  it  .md  use  it  .is  .in  .iiil  in  lespssiuline 

lliss  I  ssll  '\ 

Ihe  lesulls  Irom  this  siuilv  denionsti.iie  .le.iin  ih.il  evposuie  to 
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f  id  ^  I  A 1  (  .iii'iu  V  JiNirihurittn  xt  rc‘‘p<>nscN,  *  S(:M,  [<»  the  on^ct  ot  ihc 
w.irtiini:  Innc  I'M  Ihc  .tiniii.il'  lunu'd  tm  the  tiNcvi  inlcrv.il  Mj;n.ilicd 
.i'"r).iiii.c  p.ir.iilii.’i7i  i>(  Ihc  viinlml  ernup  ilurini;  ihc  d(i  inm  alter  chain 
irraiiiaiM'n  iBi  1  alciKS  diclrihulit'n  id  rccpnnscc.  *  SlAl.  h’  Ihc  I'ncct  nl 
Ihc  aaiiimc  R'lic  dunne  the  ‘Id  mill  altci  irradialum  The  dala  picccnicd 
vccic  based  *'11  I'bscii'ilinii'  Iii'Mi  b  amiii.ils 


mni/inj;  r.idi.ilnin  can  degrade  peril imianco  nn  aclive  a'lmlancc 
par.iiliiiMis  and  is  cinisisicnl  «ilh  prcMuusK  published  repons 
1 2.5 1  I  >  pic  alls .  irradiated  animals  receised  more  shocks  ihan  the 
unirradi.iled  conlrols  Although  perlormance  ssas  degraded,  the 
animals  ssere  capable  oi  e\ecuiing  ihe  moseiiienis  necessars  to 
asoid  shock  The  rales  and  pallems  ol  responding  on  Ihe  asoid- 
ance  lescr  ssere  generalls  unaltered  alter  irradiation,  except  that 
animals  perlorming  on  the  Isso  signalled  asoidance  paiadigms 
responded  more  trei|uenll>  to  the  shock  rather  than  to  the  ssarning 
lone  l.sen  so.  ii  .ippears  that  subiecls  could  delect  Ihe  tones  and 
ssere  .ible  lo  respond  to  them  approprialeh  .  esen  sshen  the  tones 
ssere  temporalis  iinpiedictable 

Ihe  relatise  slegree  o|  behasioral  decremeni  alter  irradiation 
appears  hi  rle(X‘iul  on  Ihe  .is.iilahilils  ol  sisu.il  and  aiidilorx  cues 
ihal  could  be  used  to  siiccesslulls  .isoid  shivks  Although  it  can  be 


Latency  at  Response  to 
Warning  Tone  in  Seconds 


IKi  T  I  A I  l.alcncs  distribution  111  responses,  i  SIA’.  lo  the  onsci  ol  ihc 
ssarning  lone  lor  the  animals  named  on  ihc  s ariablc  inlcrs al  signalled 
asoislancc  paradigm  ol  ihc  conlrol  group  during  Ihe  do  mm  alter  sham 
irrasliaiion  iBi  l.alcncs  disiribulion  ol’ responses.  .SEM.  lo  ihc  onset  ol 
Ihc  ssarning  lone  during  Ihc  dO  mm  alter  in.idialion  Note  In  some  cases 
Ihc  SI.M  ssas  loo  loss  lo  be  graphed  The  dala  presented  ssere  based  on 
obsersations  t’rom  b  .inim.ds 

seen  Irom  Figs.  1  5  (hat  the  numoer  of  shivks  receised  b\ 
irradiated  animals  perlorming  on  the  three  paradigms  ssas  roughls 
the  same,  the  preirradialed  lesels  ol  perl'onnance  ssere  dilTerenl 
Prior  to  irradiation,  .inimals  trained  on  either  signalled  asoidance 
paradigm  pertoniied  signilicanlls  better  than  those  animals  trained 
on  Ihe  uiisignalled  asoidance  paradigm,  as  esulenced  bs  the  lesser 
number  ol  shocks  receised  bs  ihe  loniier  animals  These  findings 
suggest  that  the  number  and  ii.iiure  ol  cues  and  the  conss'gueiit 
lesel  r'f  iXTtoniiaiice  ipresumabis  better  ssiih  cuesi  base  some 
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beannj;  on  Iho  likelihood  ol  the  oeciirronee  ol  a  raili.itioii-mdiiecil 
perloniianee  dccrcmeni . 

Allhouj;h  not  the  inlenlio/i  of  the  experiiiieiilal  desiitn.  another 
\\a>  to  look  at  the  relationship  between  eiies  and  perfornianee  is  to 
consider  the  three  paradiems  as  requirine  of  the  annuals  diflerem 
le\els  of  performance  In  order  for  the  animals  trained  on  the  two 
signalled  avoidance  paradiems  to  perform  as  well  as  ihev  did. 
compared  to  those  trained  on  the  iinsienalled  avoidance  paradiem. 
Ihev  needed  cues  to  assist  them.  \\  hen  the  animals  were  irradiated, 
for  some  reason  ihev  did  not  use  as  mans  of  the  cues  provided. 
Consequentiv .  their  perlormance  was  more  like  that  of  irradiated 
animals  trained  on  the  iinsienalled  avoidance  paradiem  in  which 
no  eviernal  cues  were  provided 

\\  hv  the  irradiated  animals  were  not  iisine  the  cues  is  not  clear, 
Thev  apparentlv  could  detect  them  because  responses  with  short 
latencies  were  still  observed  after  presentations  ol  the  vvarnini; 
tones  beti're  the  onset  ol  shock  even  when  the  onset  of  these 
vvarnine  tones  was  unpredictable.  The  response  ptitterit  is  not 
sueL'cstive  of  vlealness  nor  stupor,  and  the  sub|ects  were  appar- 
enllv  not  relv  me  more  on  intertiallv  based  tinie-ciies  rather  than  the 


tones.  .Another  possibilitv  is  ihal  Ihev  could  niainiain  onlv  tempo- 
rarv  selective  attention,  rather  lh;in  ;i  more  general  vieilance.  In 
addition,  irradiated  rats  from  other  evperinienls  shinved  no  differ¬ 
ences  in  their  abilities  to  detect  and  respond  to  warm  water  cues 
1^1.  Rather  than  these  perform.ince  decrements  beine  related  to 
abnormalities  in  perception,  task  learnine,  ;ind  motor  fuiKlion, 
they  niav  result  from  some  coenilive  deficit,  possiblv  a  lack  of 
motivation.  That  is.  the  cues  and  respondine  to  these  cues  mieht 
become  of  lower  value  to  the  subiect  relative  to  other  cues  and 
behaviors. 


V(  tsMlWI  t  1)1,1  All  SIS 

The  research  was  supponed  bv  Ihe  Armed  Forces  Radiohioloev 
Research  liistitiiic.  IX'tense  ViKlear  Aeeiicv .  under  work  iiml  IHKI''; 
\  lews  presented  in  this  paper  are  those  ol  ihe  authors,  no  endorserneni  hv 
Ihe  IVIense  Nuclear  Aeeiicv  has  been  eiven  or  should  be  inlerTed 
Research  was  conducted  .iccordine  lo  the  principles  enunciated  ill  the  (iKn/e 
loi  till  <  tin  tnul  I  u  i>t  l-tihttniittf\  Aninitil  Kt'^iiiin  t  s.  Siiiitmttl  Rt  tt’iirch 
i  'flint  1/ 
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1  n.idi.i  I'  (  iilheiisoi;  S  .  Abhoii  H  Ttie  relative  aversiveness  of 
sieir.iilcvl  Vs  Iinsienalled  avoidance  I  i  vp  Anal  Hetuv  l(> 
111  I  i|  pri 

2  binehaidl  VV  i  li  lliinl,  A  (  li.ii.icleii/alion  ol  i.idialioii- 
ii’diiccd  iviloimaiice  decieiiieni  usme  ,1  two-lever  shock  avoidance 
task  R.idiat  Res  Irit  M‘i  |S-,  mss 

t  Hiiieti.iidl.  \k  I  ,  li  .  Iliinl  W  \  Mie  inler.iclive  ellecis  ol 
inorplnne  .it'd  loni'ine  r.idi.ilioii  on  ihe  l.iieiK  v  o|  i.nl  w  ilhdravval  from 
w.iim  w.iici  in  itie  ral  In  I’loceedines  ol  the  ninth  svniposiuiii  on 
psvcholoev  in  rtie  dcpailnieni  ol  deleiise  (  oloiado  Spline’s,  ft) 

I  rnica  Si.ites  \ii  foue  Vcideiiiv.  I’is4  "t  ~h 

a  (laic  R  V\  iiness  I,,  dis.isiei  An  \ineikaii  dodoi  al  ('hernohvi  I, lie 
Vneusi  2ii  2s  I'lsr, 

'  lliiiii  VV  V  (  oinpai.iiivc  elleci' ol  cvposiiie  lo  liieti  eiierev  elections 

.iiu!  eana'i.i  i.idi.ilii'ii  on  adoe  .ivoiil.ii\e  betiav  101  Ini  J  Radial 
Hioi  44  2*'  2»'0.  I'ls  i 
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Norepinephrine-Induced  Phosphorylation 
of  a  25  kd  Phosphoprotein  in  Rat  Aorta  is 
Altered  in  Intraperitoneal  Sepsis 

J.A.  Carcillo,  R.Z.  Litten,  and  B.L.  Roth 

Surgical  Research  Division,  Naval  Medical  Research  Institute  (J.A.C.,  B.L.R.):  and 
Department  of  Physiology,  the  Armed  Forces  Radiobiological  Research  Institute 
(R.Z.L),  Bethesda,  Maryland:  Department  of  Anesthesiology,  Critical  Care  Medicine, 
Children's  Hospital  National  Medical  Center,  George  Washington  University  School  of 
Medicine  and  Health  Sciences,  Washington,  DC  (J.A.C.) 

An  atlcnuaiidii  o(  the  aintraclilc  response  to  norepinephrine  (Nlii  has  heen  previously 
demonstrated  in  rat  aorta  during  intraperitoneal  sepsis  and  endotoxemia.  In  this  studx . 
we  determined  whether  NH-indueed  protein  phosphorylation  is  altered  in  septie  rat 
aorta  as  eompared  to  eontrol  rat  aorta.  We  found  that  the  Nfvindueed  phosphorylation 
of  a  25  kd  phosphoprotein  was  deereased.  Nl;  inereaed  phosphory  lation  of  the  25  kd 
band  by  54'v  iP  <  .01 1  in  the  eontrol  aorta  but  only  12'^  I  not  significant)  in  the  septie 
aorta,  (pyrophosphate  gel  purification  of  phosphory  lated  myosin  showed  that  this  25  kd 
band  was  no)  related  to  the  my osin-phosphory lated  (Pi  light  chain.  Two-dimensional 
polyacrylamide  gel  electrophoresis  analysis  revealed  that  this  25  kd  band  represents 
two  proteins  with  distinct  isoelectric  points  of  6.5  and  6.2.  These  results  further 
document  that  intrinsic  alterations  occur  in  the  NH-mediated  signal  transduction 
system  in  rat  aorta  during  sepsis  and  that  such  alterations  could  contribute  to  depressed 
aortic  contractility 

Key  words:  protein  phosphorylation,  protein  Kinase,  phosphoinositide  metabolism,  receptor, 
at-adfenoceptor 

INTRODUCTION 

Decreased  sensitivity  ot  the  vasculature  to  «, -adrenergic  receptor  stimulation  is 
well  described  in  endotoxemia  and  sepsis  j  1-3).  The  rat  aorta  has  provided  a  reliable 
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model  in  which  to  study  this  phenomenon  in  cecal  ligation-  and  puncture-induced 
intraperitoneal  sepsis  |4|.  Recent  investigations  suggest  that  this  insensitivity 
correlates  with  intrinsic  alterations  in  the  «, -adrenoceptor  and  its  phospholipase 
C-coupled  signal  transduction  system.  In  particular,  we  have  demonstrated  a  marked 
reductiem  in  a , -adrenoceptor  numbers  as  well  as  in  basal  and  norepinephrine 
(NE)-induced  phosphoinositide  turnover,  and  calcium  metabolism  in  aorta  from  this 
cecal  ligation  and  puncture  model  of  intraperitoneal  sepsis  |5.bl. 

In  this  study,  we  further  examined  the  NH-induced  signal  transduction  cascade 
in  rat  aorta  by  investigating  whether  alterations  in  prtMein  phosphorylation  occur  in 
sepsis.  A  decrease  in  NH-mediated  phosphorylation  of  a  25  kd  phosphoprotein  was 
observed  in  aorta  from  septic  rats,  further  demonstrating  a  derangement  in  the 
NE-mediated  signal  transduction  system  during  sepsis. 

MATERIALS  AND  METHODS 
Chronic  Rat  Sepsis  Model 

Male  Sprague-Dawley  rats  (25()-.5(K)  g)  were  obtained  from  Taconic  Farms. 
Germantown,  NY.  Control  and  experimental  animals  were  randomly  subjected  to 
sham  surgery  (K  to  cecal  ligation  and  two-hole  puncture,  respectixely.  as  previt>usly 
described  17|.  This  procedure  resulted  in  a  mortalitv  rate  of  2()-.M)''f ;  24  hours  after 
surgery,  the  experimental  rats  displayed  signs  of  sepsis  including  piloerection.  a 
bloody  mucosal  and  nasal  discharge,  bloody  diarrhea,  and  lethargx .  All  animals  were 
sacrificed  by  decapitation  and  the  thoracic  aorta  was  rapidix  removed  and  dix  ided  into 
4  mm  rings. 

[^^P]  Labeling  of  Rat  Aorta 

Each  aortic  ring  was  placed  in  a  10  x  75  mm  borosilieate  glass  tube  and 
incubated  for  90  minutes  in  ()..5  ml  oxvgenated  phosphate- free  buffer  (5  m,\l  HEPFiS. 
140  mM  NaCI.  4.5  niM  KCI.  I  mM  MgCI,.  1.5  mM  CaCl:.  10  mM  glucose.  pH  7.4. 
.57°C)  in  the  presence  of  10  p.Ci  carrier-free  |*’Pj  orthophosphate  (S  mCi  ml; 
Amersham).  This  resulted  in  equilibrium  labeling  of  rat  aorta.  The  rings  xxere  then 
treated  for  10  min  with  10  |i.M  NE.  a  concentration  xxhich  produced  maximal  ai'rtic 
isometric  contraction  |S|.  or  with  an  equivalent  xolume  of  sterile  buffer  solution. 

The  phosphorylation  reaction  was  stopped  immediateix  bx  free/ing  the  rings  in 
liquid  nitrogen.  The  rings  were  then  pulverized  in  liquid  nitrogen  and  glass-io-ghiss 
homogenized  in  stopping  solution  as  described  bx  Draznin  et  al.  19|  ( 11)0  mM  NaF. 
SO  mM  sucrose.  10  mM  l-D’I  A.  pH  7.40).  Protein  xxas  then  (.letermined  bx  using  the 
meth4>d  of  Bradford  |  lOj.  I'en  micrograms  of  protein  xxas  then  solubilized  in  50  pi  ot 
a  scKlium  dodeexi  sullate  t.SD.S)  solution  lb2.5  ni.M  Ins.  10'',  elxcerol.  I(K)  ai.M 

D'rr.  .v;  .sixs  pn  o.s). 

Isolation  of  Phosphorylated  Rat  Aorta  Myosin 

The  isolation  of  phosphors lated  rat  aorta  tTixosm  was  caiTied  out  as  prexiomlx 
detailed  |l  l|.  Hriellx.  six  rat  aonae  were  removed,  divided  into  4  mm  rings,  and 
placed  in  oxygenated  phosphate-free  buffer  containing  '  P  as  described  above.  .Mter 
exposure  to  10  pM  NE.  the  rings  were  frozen  in  liquid  nitrogen  and  extracted  in  l(i 
volumes  of  a  buffer  consisting  of  l(K)  niM  sodium  pyrophosphate.  pH  S.S.  5  mM 
EGTA,  .50  mM  sodium  lluoride.  \{)'/i  glycerol.  15  mM  2-mercaptoethanol,  and  0  2 
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mM  dichlorvos  (serine  protease  inhibitor).  Pyrophosphate  gel  electrophoresis  was 
carried  out  at  ()°C  lor  lb  hours  at  a  constant  X4  V.  Following  electrophoresis,  gels 
were  stained  brielly  lor  15  min  in  0.1 ‘-v  Crxniiassie  blue  R-25().  50'/}  methanol,  and 
lO'/f  acetic  acid  and  destained  in  cold  water.  The  purified  myosin  band  was  removed 
with  a  ra/or  blade  and  placed  on  one-dimensional  sodium  dodecylsulfate-polyacryl- 
amide  gel  electrophoresis  (.SDS-PAGH  gel)  as  described  below. 

Gel  Electrophoresis 

One-dimensional  SD.S-PAGP  was  performed  with  10  |xg  protein/50  )xl  .SOS 
solution  per  lane.  Flectrophoresis  on  lO'f  SDS  polyacrylamide  gels  with  }'/(  stacking 
gels  occurred  as  described  by  l.aemmli  (IZj.  Sigma  molecular  weight  standards 
(Sigma  Chemical  Co..  St.  Louis,  MO)  were  used  to  identify  proteins.  The  use  of 
protease  inhibitors  (.^0  pM  PMSF.  .50  p.g  ml  soybean  trypsin  inhibitor,  and  50  (xg  ml 
leupeptin)  did  not  alter  the  protein  or  phosphorylation  patterns  (not  shown). 
Therefore,  they  were  not  routinely  used  in  this  study. 

Two-dimensional  gel  electrophoresis  was  performed  according  to  modification 
of  the  procedure  of  Laemmli  ( I2|;  It)  (xg  of  protein  was  electro  foe  used  in  2.5  x  1 10 
mm  area  tube  gels  containing  3'}  polyacrylamide.  55'/}  urea,  2T  NP-40.  and  2'/r 
ampholine  ( 1 .7'}  of  pFI  3.5-10  and  0.3'/}  of  pFI  5-7»  The  gels  were  equilibrated  in 
SDS  sample  buffer  and  the  second  dintension  was  then  run  on  1 1  x  14  cm  slab  gels 
containing  10'/}  SDS  polyacrylamide  gel. 

Autoradiography  and  Quantitation 

Gels  were  dried  and  phosphirrylation  was  qualitatively  determined  by  autoradi¬ 
ographs  with  Kodak  X-OMAT  film.  The  gels  were  scanned  and  quantitated  with  an 
I.Kii  laser  densitometer.  The  area  under  the  curve  of  all  protein  bands  represents  the 
total  protein  phosphory  lation.  The  amount  of  phosphorylation  of  the  25  kd  protein 
was  determined  by  dividing  the  area  of  the  25  kd  by  the  total  area  of  all  the  proteins. 
This  allowed  determination  of  phosphorylation  to  be  analyzed  with  equalization  of 
samples  for  ''P  labeling. 

RESULTS 

Recently  ,  attenuation  of  NFi-induced  phosphoinositide  metabolism,  calcium 
intlu.x  (calcium  channel  entry),  and  calcium  efllux  (intracellular  calcium  release)  has 
been  demonstrated  in  rat  aotia  from  this  model  of  sepsis  15. b|.  Since  protein 
phosphorylation  can  be  influenced  by  increase  in  cytosolic  calcium  as  well  as  by 
phosphoinositide-hydrolysis-derived  diacylglycerol.  we  iinestigated  whether  changes 
in  protein  phosphorylation  also  '-ccurred. 

.Aorlae  from  cecal-ligation-and-punctured  ruts  and  from  sham-operated  rats 
were  labelled  with  l'’Pl  orthophosphate  and  then  exposed  to  It)  p.M  NL.  a  dose 
known  to  elicit  maximal  sxntraction  of  rat  aorta  1X.13|,  One-dimcnsimial  gel 
electrophoresis  of  smooth  muscle  protein  revealed  a  decreased  .NFi-induced  phospho¬ 
rylation  of  the  25  kd  band  during  sepsis  (Figs.  I.  2).  NFi  increased  phosphorylation 
by  54'/(  (P  <  .01)  in  control  aorta  but  only  by  12'}  (not  significant)  in  septic  aorta 
(Table  I).  There  were  also  differences  noted  in  equilibrium  |  ''P|  labeling  in  control 
and  sham  tissue.  The  septic  tissue  showed  greater  |'’P|  uptake  into  the  25  kd 
phosphoprotein  during  the  basal  condition  (Table  I).  Flowever.  despite  this 
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phenomena.  NL-indueeci  phosphorylation  ol  the  25  kd  phosphoprotein  was 
signil'ieanlly  greater  in  eontrol  rats.  Finally,  we  observed  no  signil'icant  dilTerenees  in 
the  total  protein  phr)sphorylation  among  the  eontrol  and  septie  groups  with  and 
without  NH  (not  shown). 

To  deline  the  identity  of  this  25  kd  band,  we  determined  whether  this 
represented  a  component  ol  the  myosin  light  chain.  Myosin  purilication  From  a 


Aortic  Protein  Phosphorylation  in  Sepsis 


261 


U»*i**- 


B 


NE 


)  \ 


B 


NE 


l  ij:  2  SL'iinnins:  (JcnsilonK-lru.-  .in:iK>.i\  nl  kd  prolcin  hand  allcr  phi»,phor\ lalion  in  (he 
pa-Ncncc  (NId  and  absence  Ibasal.  It'  I'l  !<•  pM  N1-.  in  eontrni  (I'l  and  septie  iSl  aorlae  ( 1(1  niin 
response) 


262 


Carcillo  et  al. 


TABI.F.  I.  F'^PI  Phosphorous  (.abeling  of 

25  kd  Bandt 

25kd  phosphorylation 

Tola!  pnosphorylalion 

Control 

2.5.5  ±  0.2.t 

Control  -f  NF 

.CW  ±  (UT* 

Septic 

2.9  +  0.0.^ 

Septic  +  NH 

.^..^7  ±  0.2 1 

+  Values  are  mean  ±  SK  for  K  different  preparations. 
Quantitation  is  described  in  Materials  and  Methods. 
*/*<  .01  vs.  control  using  Student's  unpaired  t-test. 


control  phosphorylated  aorta  preparation  revealed  phosphorylation  of  a  20  kd  but  not 
the  observed  25  kd  band.  This  suggested  that  the  phosphorylated  protein  was  not  the 
myosin  P  light  chain.  To  further  identify  the  protein  band,  we  submitted  the 
phosphorylated  sample  to  two-dimensional  electrophoresis.  This  analysis  revealed 
that  the  25  kd  band  represents  two  distinct  proteins  (Fig.  3).  These  two  proteins  have 
isoelectric  points  of  6.5  and  6.2.  Analysis  of  two-dimensional  gel  electrophoresis  of 
septic  aortic  proteins  did  not  show  a  selective  attenuation  of  basal  or  NE-induced 
labeling  in  either  of  the  two  spots.  Therefore,  the  observed  alteration  in  phosphory¬ 
lation  appears  to  occur  equally  in  both. 


DISCUSSION 

This  paper  demonstrates  that  NE-mediated  phosphorylation  of  a  25  kd  phos- 
phoprotein  is  decreased  in  aorta  from  rats  after  cecal-ligation-and-two-hole- 
puncture-induced  intraperitoneal  sepsis.  It  appears  that  the  sepsis-induced  alteration 
in  NE-mediated  phospholipase  C-couplcd  signal  transduction  continues  to  the  level 
of  protein  phosphorylation.  NE  binding  to  the  a, -adrenergic  receptor  results  in 
pho.spholipa.se  C-mediated  hydrolysis  of  phosphoinositides  to  the  by-products, 
inositol  triphosphate  and  diacylglycerol  |14-16|.  These  second  messengers,  in  turn, 
are  thought  to  play  a  role  in  increased  intracellular  Ca'  '  release  and  activation  of 
phosphorylating  enzymes  such  as  protein  kinase  C  1 17).  Thus,  it  would  be  predicted 
that  alterations  in  this  system  would  result  in  specific  changes  in  protein  phosphory¬ 
lation.  as  was  observed  in  this  study. 

Even  though  the  function  of  the  25  kd  phosphoprotein  is  not  km>wn.  phosphor¬ 
ylation  of  this  protein  could  be  involved  in  the  regulation  of  vascular  smooth  muscle 
contraction.  Similar  to  our  finding.  Dra/.nin  et  al.  1^1  found  an  increase  in  the 
phosplioiylation  of  a  25  kd  protein  following  NE  activation  in  rat  aorta.  This  25  kd 
protein  is  not  a  myosin  P  light  chain.  Recently.  Foster  and  ('hatterjee  (I8|  reported 
that  a  25  kd  protein  is  phosphorylated  in  skinned  carotid  artery  following  stimulation 
of  protein  kinase  C  with  phorbol  dibutyrale.  This  phosphorylation  occurred  without 
changes  in  the  level  of  phosphorylation  of  the  myosin  P  light  chain,  suggesting  a 
possible  role  for  25  kd  protein  in  vascular  smooth  muscle  contraction.  Since  increased 
phosphorylation  from  NE  continues  at  1(1  min.  one  could  speculate  that  this  25  kd 
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Fi{!.  Two-Uinicnsi(inal  gel  electrophoresis  of  band  shows  two  distinct  spots  isee  arrows)  at 
isiK'lectric  points  of  6.2  and  6.5  after  phosphorylation  of  rat  aorta  control  Similar  findings 
were  also  observed  b\  using  aortae  from  septic  rats. 


protein  has  a  functional  role  in  long-term  tonic  contraction  and  hence  belongs  to  the 
family  of  filament  or  latch  proteins  (19|. 

The  investigation  of  the  biochemical  basis  for  diminished  sensitivity  of  the 
vasculature  as  well  as  of  the  liver  [20.211  to  a, -adrenergic  agonist  stimulation  has 
shown  fundamental  and  intrinsic  alteratitms  in  the  signal  transduction  system.  In  rat 
aorta,  sepsis  induces  a  marked  reduction  in  a, -adrenergic  receptor  numbers,  basal 
phosphatidylinositol-4..‘>-bisphophate  (PIP.)  synthesis  (PIP,  is  a  major  substrate  for 
the  phospholipase  C  enzyme),  basal  phosphoinositide  metaNrlism.  and  basal  calcium 
efflux  [5.6).  Upon  a , -adrenergic  stimulation,  there  is  also  a  diminution  of 
NE-induced  phosphoinositide  metabolism,  calcium  influx  and  efflux,  and  protein 
phosphorylation  in  the  aona  during  intraperitoneal  sepsis  |5.6|.  These  intriguing 
observations  suggest  that  intrinsic  alterations  in  the  signal  transduction  pathway  may 
contribute  at  a  moiecular  level  to  the  observed  alteration  in  Oi-adremKeptor  function 
in  rat  intraperitoneal  sepsis. 

These  findings  suggest  that  even  though  endotoxin  and  circulating  mediators 
such  as  tumor  necrosis  factor,  interleukin,  and  platelet-activating  factor  may  play  a 
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role  in  vasodilation  and  in  diminished  responsiveness  to  vasoconstricting  agents  in 
sepsis  [22],  intrinsic  biochemical  alterations  in  vascular  tissue  also  exist.  It  is  possible 
that  a  cause-and-effect  relationship  exists  between  these  extrinsic  mediators  and  the 
intrinsic  biochemical  alterations  during  sepsis.  It  is  conceivable,  for  example,  that 
tumor  necrosis  factor  may  induce  a, -adrenoceptor  tachyphylaxis  by  an  as-yet- 
undefmed  mechanism  (see  ref.  22  for  discussion).  Future  experiments  will  be  needed 
to  test  this  idea. 

In  summary,  intrinsic  alterations  cK’cur  in  the  NE-mediated  signal  transduction 
system  in  rat  aorta  in  sepsis.  As  previously  demonstrated  15,6).  these  changes  iKCur 
at  each  level  of  the  receptor-mediated  signal  transduction  cascade. 
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Gas  cFiromatograpFis -mass  spcetromctiA  witFi  sciccted-ion  moniloring  rsas  used  to  studs  radi- 
ation-induecd  damage  to  DNA.  Ouantitative  analysis  of  modified  punnc  and  pyrimidine  liases 
resulting  from  evposure  to  lom/ing  radiation  using  this  technique  is  dependent  upon  the  selec¬ 
tion  of  appropriate  internal  standards  and  calibration  of  the  mass  spectrometer  for  its  response 
to  Knossn  quantities  of  the  internal  standards  and  the  products  of  interest  The  compiounds 
6-a/ath\mine  and  8-a/aadenine  ssere  found  to  Fv  suitable  internal  standards  for  quantitative 
measurement  of  base  damage  in  DNA.  For  the  purpose  of  calibration  of  the  mass  spectrometer, 
relalis  e  molar  ri’sponse  factors  For  intense  characteristic  ions  wcie  determined  for  the  irimelhyl- 
silyl  densatises  of  5-hydroxyuracil.  thymine  glycol,  and  5.6-dihydrothymine  using  h-a/athy- 
mine.  and  for  the  tnmethylsily  I  derivatives  of  4.6-diamino-5-formamidopyrimidinc.  8-hydroxy- 
adenine.  2.(i-diamino-4-hydroxy-5-formamidopyrimidinc.  and  8-hydroxyguanine  using  8- 
a/aadenine.  Accurate  measurement  of  the  yield  of  radiation-induced  modilications  to  the  DNA 
bases  is  also  dependent  upon  two  chemical  steps  in  which  the  purines  and  pyrimidines  arc  re¬ 
leased  from  the  sugar-phosphate  backtxinc  and  then  dcrivati/ed  to  make  them  volatile  for  gas 
chromatography.  The  completeness  of  these  reactions,  in  addition  to  assessing  the  stability  of 
the  modihed  DN  A  bases  in  acid  and  their  trimcthylsilylated  derivatives  over  the  time  necessary 
to  complete  the  experimental  analysis,  was  also  examined.  Application  of  this  methodology 
to  the  measurement  of  radiation-induced  base  modiheation  in  heat-denatured,  nitrous  oxide- 
saturated  aqueous  solutions  of  [>.NA  is  presented.  ■  iixi  Viaiiim..  I’rw  in. 

INFRODIK'ITON 

The  interaction  of  ionizing  radiation  with  cellular  water  results  in  the  formation  of 
a  number  of  highly  reactive  radical  .species  which  are  then  capable  of  interacting  with 
cellular  constituents.  The  hydroxyl  radical  is  the  most  reactive  radical  species  that  is 
produced,  interacting  via  abstraction  of  hydrogen  atoms  and  addition  reactions  on 
cellular  constituents  (for  a  review  see  Ref  (/)).  Radiation-induced  cell  lethality  has 
generally  been  attributed  to  the  induction  of  damage  in  the  nuclear  DNA  (’).  Radia- 


'  to  whom  correspondence  should  be  addressed  al  prcsenl  address:  IX'panment  of  Radialion  Medicine. 
Massachusells  General  Hospital,  .ss  Iruit  Street.  Boston.  MA02I  14. 
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tion-induced  damage  to  nucleic  acid  constituents  manifests  itself  in  the  formation  of 
altered  purine  and  pyrimidine  bases,  altered  deoxyribose  moieties,  abasic  sites,  strand 
breaks,  and  DNA-protein  crosslinks  (for  a  review  see  Ref  ( /)).  Repair  of  these  struc¬ 
tural  modifications  is  essential  to  maintain  the  integrity  of  the  genomic  message, 
thereby  preventing  the  processes  of  mutagenesis,  cell  death,  and  carcinogenesis  (2). 

In  an  effort  to  examine  the  consequences  of  radiation-induced  modifications  to 
DNA  at  the  cellular  level,  it  is  necessary  to  develop  assays  to  identify  and  measure 
such  damage.  Several  types  of  assays  have  been  developed  to  measure  the  yield  of 
radiation-induced  purine  and  pyrimidine  products  in  DNA  which  include  chromato¬ 
graphic  (.?-//),  immunochemical  (12-16),  and  biochemical  (17,  IS)  techniques. 
However,  all  of  these  techniques  are  capable  of  assaying  only  a  very  limited  number 
of  modified  DNA  products  and,  because  of  the  limitations  of  selectivity  and  sensitiv¬ 
ity,  the  radiation  doses  used  exceed  those  used  in  studies  measuring  biological  end 
points. 

In  an  effort  to  overcome  these  limitations,  the  technique  of  gas  chromatography- 
mass  spectrometry  with  selected-ion  monitoring  (GC-MS/SIM)  has  been  pursued. 
This  technique  has  been  used  to  identify  a  plethora  of  radiation-induced  purine  and 
pyrimidine  products  (/V- 22)  and  DNA  base-amino  acid  crosslinks  (/V.  21,  24).  Fur¬ 
ther,  using  the  GC-MS/SIM  technique,  detection  of  these  products  has  been  possible 
at  doses  lower  than  those  reported  using  other  methods  of  analysis.  The  GC-MS/ 
SIM  technique  has  been  well  documented  for  quantitative  measurement  of  organic 
compounds  at  low  concentrations  in  complex  mixtures  (2.'?).  However,  the  determi¬ 
nation  of  optimum  conditions  for  quantitative  measurement  of  radiation-induced 
DNA  base  products  by  this  technique  has  not  been  established.  In  this  respect,  quanti¬ 
tative  analysis  using  this  technique  is  dependent  upon  a  number  of  factors  including 
completeness  of  hydrolysis  and  derivatization  reactions,  stability  of  the  products  to 
the  conditions  of  hydrolysis,  and  stability  of  the  derivatized  products  over  the  time 
necessary  to  complete  the  analysis  of  the  derivatized  products.  Further,  selection  of 
appropriate  internal  standards  and  calibration  of  the  mass  spectrometer  with  respect 
to  the  response  of  the  internal  standards  and  the  response  of  authentic  samples  of  the 
radiation-modified  constituents  under  analysis  are  necessary  for  accurate  measure¬ 
ments.  This  paper  addresses  these  issues  and  describes  the  use  of  GC-MS/SIM  for 
quantitative  analy.scs  of  radiation-induced  ba.se  modifications  in  DNA. 

MATlIRIAl.S  AND  MI  TIIOOS' 

i'hcmucils  t  he  comfxiunds  S-hydroxyuracil  (isobarbitunc  acid).  8-bromoadi’ninc.  .S.f>-dihydrothy- 
mmc.  4.6-diamino- .S-formamidopynmidino  (FAPy-adcninc).  2..S.6.-iriamino-4-h\droxypyrimidinc.  8- 
a/aadcninc.  8-a/.aguaninc.  6-a/alhy  mine,  and  calf  thymus  DNA  were  purchased  from  the  Sigma  Chemical 
Co.  2-Aminiv6.8-dihydroxypunnc  (8-hydroxyguaninc)  was  purchased  from  the  Chemical  Dynamic's 
Corp.  Nitrous  oxide  (ultrahigh  purity)  was  purchased  from  Matheson  (ias  Products.  Inc.  Silylalion  grade 
acetonitrile  and  bis(lrimelhylsilyl)tnfluoroacetamidc(BS  rKA)(containing  I'l  tnmelhylchlorosilane)were 
obtained  from  the  Pierce  Chemical  Co.  I  he  cm  isomer  of  .s.6-dihydroxy-S.6-ilihydrolhymine  (thymine 


'  Mention  of  commercial  products  docs  not  imply  recommendation  or  endorsement  by  the  National 
Institute  of  Standards  and  fcchnology.  nor  docs  it  imply  that  the  prixUicts  identified  are  necessanly  the 
best  available  for  the  purptise. 
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glycol)  was  kindly  provided  by  [)r.  b.  Holuit!  of  (he  Armed  I'orees  Radiobiology  Research  Inslilute. 
Bethesdu.  Maryland  b-Amino-X-hydroxypurinc  (X-hydroxyadenine)  was  synlhesi/od  by  treatment  of  8- 
bromoademne  with  concentrated  formic  acid  )  at  I5()°C  for  45  min  and  punlied  by  cryslalli/ation 
from  water.  2.b-Diamino-4-hydro\y-5-formamidopynmidinc  (f  APy-guaninel  was  synthcsi/cd  by  treat¬ 
ment  of  2.5.6-tnamino-4-hydro.sypynmidine  with  concentrated  formic  acid  and  recry stalli/ed  from  wa¬ 
ter  1 2rt ). 

I'urii\  unJ  iiiihcnlniliim  Kt  ituthcmu  amipDimds  Slock  solutions  (0. 1  mmol  dm  ‘lofeach  compound 
were  freshly  prepared.  The  punly  of  each  compound  was  assessed  by  high-performance  liquid  chromato¬ 
graphy  (MPl.O  using  Waters  510  pump  modules  with  a  Waters  automated  gradient  controller  and  a 
Supcico  1.(  -I8-S  column  ( 150  s  4.6  mm).  .Absorption  spectra  were  obtained  using  a  Hewlett-Packard 
Mtxlcl  I040M  linear  diixle  array  detector  interfaced  to  a  Hewlett-Packard  OIXX)  Senes  .500  computer  work 
station.  An  isiK'ratic  separation  with  a  mobile  phase  consisting  of  l(K)''  water  at  a  How  rate  of  1  ml/min 
was  used  for  all  compounds  except  for  8-hydroxyguanine.  In  this  case,  the  mobile  pha.se  consisted  of  water 
with  an  acclonitnie  gradient  increasing  at  a  rate  of  I '  per  minute. 

7  he  concentrations  of  the  stiK'k  solution  of  5.6-dihydrolhy  mineandi  w-ihy  mine  glycol  were  determined 
gravimetncally .  The  concentrations  of  all  other  solutions  were  determined  spectrophotometrically  using 
their  molar  extinction  cix'thcienls  ( J’n-.AVi.  The  puniy  of  each  compound  was  also  assessed  by  GC-M.'s  as 
described  below.  Appropriate  corrections  to  the  concentration  of  each  comfHiund  were  made  in  accordance 
with  the  HPl  ('and  (iC  analyses. 

VnparaHon  ol  irruJuili'il  /)\  I  vu/ii/i/ev  Calf  thymus  DNA  (0.5  mg/ml)  was  dissolved  in  .50  mmol  dm  ' 
phosphate  buffer  (pH  7.0|  and  denatured  by  healing  the  solution  to  for  5  min  followed  by  rapid 
cooling  in  ice  water.  Aliquots  of  this  solution  were  exposed  to  incremented  doses  of  loni/ing  radiation  at  a 
dose  rale  of  166  Ciy/min  as  measured  by  I  ncke  dosiineln  (.’U)  in  a  "’Co  >-ray  source  (Ciammaccll-22(). 
Atomic  l.ncrgy  of  Canada  Ltd).  Heat-denatured  DNA  was  used  lor  radiolysis  in  an  attempt  to  maximize 
prtxlucl  y  ield  (JD).  The  solutions  were  bubbled  with  nitrous  oxide  for  20  min  prior  to.  and  then  throughout, 
the  irradiation  interval.  Nitrous  oxide  was  used  to  saturate  the  DN  A  solutions  in  an  effort  to  prixluce  a 
spectrum  ofdirtereni  (y  pes  of  radialion-induced  producl.s.  Irradiated  and  untreated  solutions  of  DNA  were 
then  dialyzed  extensively  against  deionized  water  in  SpcctraPorb  dialysis  membranes  cnoleculai  weight 
cutoff  1000.  f  isher  .Scieniihc  Co. ).  f  he  quantity  of  DN  A  recovered  following  dialysis  was  measured  spec- 
iropholomelrically  (assuming that  1  ()OD>.„  .50ug/ml).by  amtxJihed  Burton'sassay  (.1/). and gravimel- 
ncally  following  lyophilization.  Calibration  of  the  Burton's  assay  was  accompli.shed  by  developing  a  cali¬ 
bration  curve  using  ullrahigh  punly  DN  A  (Sigma).  The  measurement  of  the  amount  of  DN  A  by  speciro- 
pholomeinc  assav  or  (he  mixlilied  Burton's  assay  was  in  gtxxf  agreement,  (iravimeinc  measurements 
tended  to  be  higher  and  were  not  used  in  the  analysis  v)f  the  data,  l-ollowing  lyophilization.  6-azalhymine 
and  8-azaadenine  were  added  to  each  2  5-mg  DN  A  sample.  The  optimal  amount  of  internal  standard 
added  to  these  samples  was  determined  from  preliminary  measurements. 

( ill  hvilruh  sii  Hi  iinuluih'il  l)\  I  ('ondilions  for  optimal  hydrolysis  of  irradiated  DN  A  samples 
containing  modified  purines  and  pyrimidines  were  determined  by  measuring  prixfuci  release  as  a  function 
of  lime  of  chemical  hydrolysis  In  this  series  of  experiments.  I  ()  ml  of  XS''^  formic  acid  was  adiied  to 
samples  of  DN  A  w  hich  had  been  irradiated  to  lOtKiy  asdesenbed  above  and  lyophilized  Dne  set  of  these 
samples  was  subjected  to  high-performance  liquid  chromatography  to  monitor  the  loss  of  the  DN  A  poly  - 
mer  peak  and  the  increase  in  the  peaks  correspvmding  to  the  liberated  bases.  A  Nucleogen  Df  Af  hi)-’’ 
column  III)  V  1 25  mm)  ( Allech)  was  used  for  separation  and  the  mobile  phase  consisted  of  1 5  mmol  dm 
phosphate  butler  ipH  ''.2)  and  5  mmol  dm  '  urea  with  an  exponential  gradient  of  0-1  mol  dm  '  K('l 
llowing  at  a  rale  of  2  2  ml /min  Absorption  spectra  and  the  absorbance  at  selected  wavelengths  were  col¬ 
lected  using  instrumentation  described  above.  A  second  set  of  DNA  samples  was  hydrolyzed,  derivatized. 
and  analyzed  by  gas  chromatography -mass  spectrometry  as  desenbed  below  In  this  series  of  samples, 
release  of  the  modified  purine  and  pyrimidine  bases  was  monitored  as  a  function  of  hydrolysis  time  from 
the  data  collected  in  these  analyses,  the  optimal  lime  for  release  of  the  DNA  bases  at  I  .'O'C  was  .50-4(1  min 
(see  Results  and  Discussion) 

Siini/'lf  /'ri  puraiiini  lur  >  hntnuiii’vrtiphx  In  preliminary  cx|x‘nmenls.  samples  niaining  75  nmol 
of  X-azaadenine  and  6-azalhvmine  were  prepared  in  polytelralluonx'lhylene-capped  hyisovials  (Pierce) 
following  lyophilization.  a  0  2-ml  mixture  of  BSff  A  anil  aeclonilrile  (II)  was  added  and  the  mixture 
was  healed  for  increasing  time  intervals  at  I  5()'’('  prior  to  analysis  by  gas  chromatography  with  flame 
ionization  detection  ((  )(  -LID)  as  desenbed  below  Once  the  time  required  for  complete  denvalization  of 
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the  internal  standards  was  determined,  75  nmol  of  each  tnmelhylsiKlated  internal  standard  was  added  to 
a  lyophili/ed  mixture  containing  75  nmol  of  each  of  the  authentic  purine  and  pyrimidine  compounds. 
These  samples  were  derivati/ed  and  measured  by  (if  -  I  II)  as  described  Klow  and  used  to  determine  the 
time  course  of  the  derisati/ation  reaction.  To  as,sess  the  stability  of  the  trimethylsilylated  base  pnxlucts 
over  the  course  of  days.  75  nmol  each  of  the  authentic  purines  and  pyrimidines,  including  the  internal 
standards,  were  added  to  hyirovials.  f  ollow  mg  lyophili/ation.  a  0.2-ml  mixture  of  BS 1 1 '  A  and  acetonitrile 
(1:1)  was  added  to  the  samples,  the  mixture  was  then  heated  for  70  min  at  1.70°C'.  and  'liguots  of  this 
mixture  were  analysed  over  a  5-  to  6-day  interval  by  (if -f'll)  asdescrilvd  below. 

for  the  measurement  of  the  relative  molar  response  factors  for  use  in  (iC-MS/SIM  sample  analysis, 
mixtures  of  the  internal  standards  and  the  authentic  reference  materials  were  prepared  which  contained 
I  -6  nmol  of  each  compound,  follow'ing  lyophili/ation.  these  samples  were  trimethylsilylated  in  a  0.2-ml 
mixture  of  BSTf  A  and  acetonitrile  ( I :  I )  by  heating  for  .70  min  at  I  -70°C  pnor  to  analy  sis  by  CiC-MS/SlM 
as  described  below  . 

for  the  measurement  of  DNA  samples,  lyophili/ed  samples  of  hydroly/ed  DNA  were  denvali/ed  by 
tnmethylsilylation  in  a  0.2-ml  mixture  of  BS  If  .A  and  acetonitrile  ( I :  I )  in  the  hypos  lals  !n  heating  for  70 
min  at  1 .70"C  pnor  to  analysis  by  ( i('-MS/SlM  as  described  below  . 

tnalvsis  /ii'.euv  thromalOKraitliv  mlh  Ihimc  umization  th-lfilmn  A  Varian  MixJel  XtHX)  gas  chromato¬ 
graph  with  a  llame  ioni/ation  detector,  a  Varian  -77(K)  automatic  sample  injector,  and  a  Hew  lett-Packard 
Mixlel  'KKX)  Senes  .7(X)  computer  wsrrk  station  was  used  to  measure  completeness  of  the  derisati/ation 
reaction  and  stability  of  the  trimethylsilylated  purinesand  pynmidines  using  the  identical  chromatographic 
conditions  described  below . 

Anah  \i\  f  i  guv  ( /iromu/ogru/)/ii-oiuvs  \pMri>melrv  wii'i  M-Uncil-um  uioiiuor/ug  A  Hewlett-Packard 
Msxlel  5970B  Mass  Selective  Detector  controlled  by  a  Hewlett-Packard  Model  54‘f70{'  computer  work 
station  and  interfaced  to  a  Hewlett-Packard  5890.A  gas  chromatograph  was  used  for  analysis.  The  injectuvn 
port  and  the  (K'-MS  interface  were  kept  at  2.‘'0  and  270”('.  respectively.  1  he  ion  source  ssas  maintained 
at  25()”C'.  Separations  were  earned  out  on  a  fused  silica  capillary  column  (12.5  m  ■  0.72  mm)  coaled 
with  crosslinked  5'?  phenyl-methyl  silicsmegum  phasedilm  thickness. 0. 1 7  um)(HewleH-Packard).  The 
column  temperature  was  increased  from  1 20  to  25()”('  at  a  rale  of  X*(7min  after  2  min  at  1 2()"C.  Helium 
was  used  as  the  carrier  gas  at  an  inlet  pressure  of  10  kPa.  Samples  were  injected  using  the  split  mode.  Mass 
spectra  were  obtained  at  70  eV. 

IhAi-rminiKKin  nl  /iroi/mr  n<7(/  Calculation  of  pnxluct  yields  from  each  DN  A  sample  incorporated 
relative  molar  response  factors  determined  from  slopes  of  calibration  curves,  measured  peak  areas  of  the 
ions  representing  the  internal  standards  and  the  products  of  interest,  and  the  measured  amount  of  DN  A 
in  each  sample,  fhe  slope  of  the  best  til  line  obtained  by  linear  regression  analysis  of  these  data  was  then 
used  to  assess  prtxlucl  yield. 


RfSl'l  IS  AND  DISd'SSION 

Quantitative  analysis  ofmoditied  puiinc  and  pyrimidine  bases  by  (i('-MS/.SIM  is 
dependent  upxan  completeness  of  two  chemical  reactions:  (i)  hydrolysis  of  the  modi¬ 
fied  bases  from  the  sugar-phyrsphate  backbone  ol  the  DNA  and  (ii)  derivati/ation  of 
these  products  to  make  them  volatile  for  gas  chromatography.  The  analysis  is  also 
dependent  upon  stability  of  the  modified  purine  and  pyrimidine  bases  to  the  condi¬ 
tions  of  acid  hydrolysis  and  stability  of  their  trimethylsilylated  deriyalixcs  to  the  cvm- 
ditions  of  derivati/ation.  f  urther,  stability  of  the  trimcthxIsiKlatcd  products  is  re¬ 
quired  over  the  time  necessary  to  complete  the  analysis  of  the  experiment,  f  inally, 
to  achieve  quantitative  measurement  using  selected  ion  monitoring,  the  mass  spec¬ 
trometer  must  be  calibrated  with  respect  to  the  signal  generated  b\  the  internal  stan¬ 
dards  and  the  compounds  of  interest,  for  this  purpose,  ideally  a  stable  isotope-labeled 
analog  of  the  analyte  is  used  as  an  internal  standard.  .A  calibration  plot  is  obtained 
for  the  response  of  the  mass  spectrometer  to  kmmn  quanlities  of  both  the  analyte 
and  the  internal  standard  by  monitoring  an  intense  and  characteristic  ion  of  each 
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Fi< 1 .  Sclcctcd-ion  chromatogram  obtained  from  a  trimethylsilylatcd  hydrolysate  of  DNA  exposed  to 
KXIGy  ofioni/ing  radiation  in  nitrous  oxide-saturated  solution.  The  ion  monitored  (m/r)  for  each  peak 
is  shown  and  peak  identification  is  given  in  Table  I.  The  mixture  was  separated  using  a  temperature  pro¬ 
gram  from  1 20  to  250'’C'  increasing  at  a  rate  of  8“(7min  after  2  min  at  1 20"C.  Additional  details  are  given 
in  the  text 

compound  during  the  analysis  (2.^).  In  the  case  of  radiation-induced  DNA  base  prod¬ 
ucts.  no  isotope-labeled  analogs  arc  available.  Therefore,  a  number  of  structurally 
similar  compounds  were  evaluated  for  potential  use  as  internal  standards  with  the 
result  that  6-azathyminc  and  8-azaadcnine  were  found  to  be  suitable  for  quantitation 
of  DNA  base  products. 

As  an  example  of  the  analysis  typical  of  that  generated  by  GC-MS/SIM  for  the 
experiments  presented  herein.  Fig.  1  illustrates  a  selected-ion  chromatogram  gener¬ 
ated  from  a  DNA  sample  y-irradiated  to  lOO  Gy  in  nitrous  oxide-saturated  aqueous 
solution.  The  chromatogram  illustrates  the  time  windows  used  to  monitor  the  charac¬ 
teristic  ions  of  the  trimcthylsilyl  (McySi)  derivatives  of  the  products,  and  their  identi¬ 
fication  may  be  referenced  in  Table  I.  The  products  discussed  are  identified  by  their 
retention  time  and  by  selection  of  more  than  one  characteristic  ion  to  monitor  simul¬ 
taneously  in  each  time  window  (2/).  For  this  analysis,  approximately  3  lig  of  the 
hydrolyzed  DNA  sample  was  applied  to  the  column.  Characteristic  ions  for  the  un¬ 
modified  bases  were  not  monitored  since  their  response  would  be  very  large  relative 
to  the  modified  bases.  The  chromatogram  illustrates  that  the  DNA  base  prtxiucts  and 
the  internal  standards  can  be  well  separated  from  one  another  (Fig.  1 ).  Further,  the 
chromatogram  clearly  demonstrates  that  the  responses  of  neither  the  modified  bases 
nor  the  internal  standards.  6-azathyminc  and  8-azaadcninc.  are  ad\  ersely  aft'cctcd  by 
the  presence  of  cxce.ssive  quantities  of  unmodified  bases. 

The  elution  positions  of  the  MciSi  derivatives  of  6-azathymine  [6-azathyminc 
{Me,Si);l  and  8-azaadcnine  [8-azaadeninc(MciSi):]  (peaks  1  and  'i.  respectively)  indi¬ 
cate  that  these  compounds  arc  ideally  suited  for  quantitative  measurement  by  GC- 
MS/SIM  of  the  modified  purines  and  pyrimidines  investigated.  The  trimethyisilyl 
derivative  of  8-azaguaninc  was  also  tested  as  a  potential  internal  standard.  However. 
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TABLE  I 


Peak  Identification  in  Fig.  I 


Peak 

CimipounJ'' 

Peak 

Cumpound^ 

1 

6-A/.athymine 

8 

(.rans)  Thymine  glycol 

5.6- Dihydrothymine 

9 

8-A/aadcnine 

.t 

5-FIydroxy-5.6-dihydrothymine 

10 

t-APv-adeninc 

4 

5-HydroxyuraciF 

1 1 

8-Hydroxyadenine 

5 

5-Hydroxy-5.6-dihydrouracil' 

1’ 

FAPy-guaninc 

6 

5-Hydroxycytosinc'' 

l.t 

8-Hydroxyguaninc 

7 

(<7.v)  Thymine  glycol 

■*  As  their  trimcthylsilyl  derivatives. 

*'  5-Hydroxyuracil  is  a  product  of  the  acid-induced  deamination  and  dehydration  ofcytosine  glycol  (35). 
'  5-Hydroxy-5.6-dihydrouracil  is  the  deamination  product  of  5-hydroxy-5.6-dihydrocytosinc  ( ’ft). 
5-Mydroxycytosinc  Is  a  prcxJuct  of  the  actd-induccd  dehydration  ofcytosine  glycol  (.f.s). 


despite  having  an  ideal  elution  position  (approximately  9.4  min),  this  compound  was 
not  suitable  for  use  as  an  internal  standard  because  of  its  poor  solubility  in  water. 
Several  other  reasons  make  these  compounds  a  good  choice  for  use  as  internal  stan¬ 
dards.  These  compounds  arc  stable  in  acid,  are  available  commercially,  and  are  not 
formed  in  treated  DNA.  The  trimethylsilylated  products  are  stable  over  a  period  of 
days  (data  not  shown)  and  the  mass  spectra  of  6-azathymine(MeiSi);  and  8-azaade- 
nine(MeiSi);  exhibit  intense  M*’and  (M-Me)'  ions(w/r  271  and  256.  respectively, 
and  m/z  280  and  265.  respectively). 

The  extent  of  derivatization  and  the  stability  of  the  trimethylsilylated  derivatives 
of  the  modified  purines  and  pyrimidines  were  also  addressed.  Derivatization  of 
purines  and  pyrimidines  has  been  known  to  occur  over  a  very  rapid  time  scale  (32- 
34).  However,  the  time  dependence  of  the  derivatization  reaction  for  the  radiation- 
induced  purine  and  pyrimidine  products  has  not  been  reported.  Figure  2  reveals  the 
time  course  of  the  derivatization  reactions  for  the  modified  purines  and  py  rimidines 
reported  herein  and  indicates  that  the  reactions  proceed  to  completion  within  20  min. 
However,  due  to  the  number  of  the  samples  generated  in  these  experiments  and  the 
finite  time  required  to  perform  an  analysis,  stability  of  the  trimethylsilyl  products 
over  the  time  course  of  days  was  determined.  Figure  ?>  confirms  the  stability  of  those 
products  over  the  number  of  days  required  to  complete  the  analysis  for  a  typical 
experiment.  These  data  indicate  that  the  derivatization  proceeds  very  rapidly  and 
that  the  trimethylsilylated  prixlucts  thus  formed  arc  indeed  stable  for  sutficient  time 
to  complete  the  experimental  analyses. 

Having  demonstrated  that  the  derivatization  reaction  was  optimized,  calibration 
of  the  mass  spectrometer  using  authentic  purine  and  pyrimidine  compounds  was 
necessary  .  The  mass  spectrometer  was  calibrated  by  analyzing  samples  containing 
known  molar  amounts  of  the  modified  bases  and  internal  standards  The  ion  current 
ratio  of  an  ion  of  a  compound  and  an  ion  of  the  internal  standards  was  measured  and 
plotted  as  a  function  of  the  ratio  of  the  molar  amounts  of  the  compound  and  the 
internal  standard.  This  yielded  a  calibration  plot,  in  which  the  slope  of  the  linear 
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TIME  (min)  TIME  (min) 


Fig.  2.  Time  dependence  of  dcrivatization  of  modified  purine  and  pyrimidine  bases.  The  ratio  of  the 
area  of  the  product  over  that  of  the  internal  standard  (.Ip/.-IJ  as  measured  by  GC-FID  was  plotted  as  a 
function  of  time  of  denvatization  at  1 30*C.  (A)  Modified  pyrimidines  using  6-azathymine  as  the  internal 
standard:  (•)  5.6-dihydrothymine(Me<Si);  (m/r  257):  (♦)  thymine  glycol(Me<Si)4  (m/:  259);  (■)  5- 
hydroxyuracil(MciSi)i  (m/:  329).  (B)  Modified  purines  using  8-azaadenine  as  the  internal  standard:  (A) 
FAPy-adenine(MeiSi),  (m/:  354);  (A)  8-hydroxyadenine(MeiSi)i  (m/c  352);  (▼)  FAPy-guanine<Me,Si)4 
(m/c  442);  (V)  8-hydroxyguanine(MeiSi)4  (m/r  440).  Each  data  point  represents  the  mean  (±SE)  from 
three  replicate  experiments. 


regression  line  represents  the  relative  molar  response  factor  (25).  High  sensitivity  for 
product  detection  can  be  achieved  by  monitoring  the  most  intense  characteristic  ion 
of  the  compound  under  analysis.  In  general,  the  most  intense  characteristic  ions  for 


TIME  (days)  TIME  (dayu) 


Fit  ..  3.  Stability  of  modified  purine  and  pyrimidine  bases  after  derivati/ation.  Data  were  obtained  using 
CiC-F'ID  and  plotted  similar  to  that  illustrated  in  Fig.  2.  Modified  pyrimidines  (A)  and  purines  (B)  are  also 
identified  in  Fig.  2.  Each  data  point  represents  the  mean  ( ±SE)  from  three  replicate  experiments. 
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Fici.  4.  (A)  Calibration  plots  for  the  MciSi  derivatives  of  the  modified  pyrimidine  bases  relative  to  6- 
azathyminelMciSi):.  The  slope  of  the  lines  represents  the  relative  molar  response  factors  for  (•)  5.6-dihy  - 
drothyminei MciSi):  (ml:  257);  (♦)  thymine  glycoK Me  181)4  (ml:  259);  and  (■)  5-hydro\yuracil(MeiSi)i 
(ml:  329).  (B)  Calibration  plots  for  the  MciSi  derivatives  of  the  modified  purine  bases  relative  to  8- 
azaadenine(MciSi):.  Tbc  slope  of  the  lines  represents  the  relative  molar  response  factors  for  (A)  F'APy- 
adenine( MciSi),  (ml:  354);  (A)  8-hydroxyadcninc(Mei.Si)i  (ml:  352);  (▼)  FAPy-guaninelMciSilj  (w/r 
442);  and  (V)8-hydro.vyguanine(MeiSi)4  (rn/r440).  Each  data  point  represents  the  mean  ( ±SFT  from  three 
replicate  experiments  and  the  data  were  fitted  by  least-squares  linear  regression  analy  sis. 


the  MciSi  derivatives  of  the  modified  bases  used  here  are  the  molecular  ion  (M '‘)  and 
the  characteristic  (M-Me)‘  ion  (for  the  mass  spectra  sec  Refs.  (19)  and  (20)).  In  the 
case  of  thymine  glycol(MeiSi)4,  the  intense  m/z  259  ion  was  used.  An  example  of  the 
determination  of  the  relative  molar  response  factors  for  the  mjz  257.  329.  and  259 
ions  of  5.6-dihydrothymine(Me>Si)2.  5-hydroxyuracil(MeiSi),.  and  thymine 
glycol(MeiSi)4.  respectively,  is  illustrated  in  Fig.  4A  using  the  m/z  256  ion  of  6- 
azathymine(MeiSi)2.  Figure  4B  illustrates  an  example  of  the  determination  of  the 
relative  molar  response  factors  of  the  m/z  354.  352.  442.  and  440  ions  of  FAPy- 
adeninc(MeiSih.  8-hydroxyadcninc(MeiSi)i,  FAPv-guaninc(MeiSi)4.  and  8-hy- 
droxyguanine(MciSi)4.  respectively,  using  the  m/z  265  ions  of  8-azaadcnine 
(Me, Si):.  These  figures  indicate  that  the  response  of  the  mass  spectrometer  for  these 
compounds  in  the  range  of  the  ratio  of  concentrations  used  was  linear.  The  yield  of 
5.6-dihydroxy-5,6-dihydrocytosine  (cytosine  glycol),  which  is  the  actual  radiation- 
induced  product  of  the  cytosine  moiety  in  DN.A  (20).  is  represented  by  the  summa¬ 
tion  of  the  yields  of  5-hydroxycytosinc  and  5-hydroxy  uracil.  These  compounds  result 
from  the  acid-induced  modification  of  cytosine  glycol  (3.5).  In  the  case  of  5- 
hydroxycytosine(Me,Si),,  the  relative  molar  response  factors  were  assumed  to  be 
equal  to  those  of  5-hydroxyuracil(Me,Si),  due  to  the  lack  of  authentic  compound. 
This  assumption  was  based  upon  the  similarity  of  the  mass  spectra  of  these  com¬ 
pounds  with  respect  to  the  ions  and  their  relative  intensities  (for  comparison  of  the 
mass  spectra  see  Refs.  (20)  and  (22)).  Due  to  lack  of  authentic  reference  standards, 
relative  molar  response  factors  for  the  compounds  5-hydroxy-5.6-dih\drouracil  [the 
acid-induced  degradation  product  of  5-hydroxy-5,6-dihydrocytocine  (20)1  and  5-hy- 
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TIME  OF  HYDROLYSIS  (min) 

Fki.  5.  Release  of  bases  from  DNA  irradiated  to  100  Gy  in  nitrous  oxide-saturated  aqueous  solution  as 
measured  by  HPLC  as  a  function  of  time  of  formic  acid  hydrolysis  at  150“C.  The  inset  illustrates  the  HPLC 
chromatogram  of  irradiated  DNA  before  (A)  and  after  (B)  40  min  of  acid  hydrolysis. 


droxy-5.6-dihydrothyminc  were  estimated  from  the  mass  spectra  of  these  compounds 
and  therefore  may  have  an  error  associated  with  them.  The  measured  relative  molar 
response  factors  are  not  universal  since  they  are  dependent  upon  experimental  and 
instrumental  parameters  and  might  also  change  according  to  the  tuning  conditions 
associated  with  the  day  to  day  operation  of  the  mass  spectrometer.  Hence  the  relative 
molar  response  factors  must  be  determined  in  each  laboratory  and  measured  rou¬ 
tinely  to  ensure  accurate  measurements. 

With  respect  to  analyses  of  irradiated  DNA  samples,  the  modified  purine  and  py¬ 
rimidine  bases  must  first  be  released  from  the  sugar-phosphate  backbone  of  the  DNA 
molecule.  Removal  of  purine  and  pyrimidine  bases  from  DNA  in  the  presence  of 
formic  acid  (ib)  is  one  method  which  has  been  used  to  assess  the  yield  of  acid-stable 
radiation  products  (3.  II).  In  the  present  work,  release  of  DNA  bases  from  a  sample 
of  DNA  irradiated  to  100  Gy  as  a  function  of  time  of  hydrolysis  in  formic  acid  was 
followed  by  HPLC  using  an  ion-exchange  column  capable  of  separating  highly  poly¬ 
merized  DNA  from  purines  and  pyrimidines.  The  chromatograms  illustrated  in  the 
inset  of  Fig.  5.  where  the  absorbance  at  260  nm  is  monitored  over  the  time  of  chroma¬ 
tography.  reveal  that  high-molecular-weight  DNA  (retention  time  52  min  on  chro¬ 
matogram  A)  is  hydrolyzed  to  the  constituent  bases  (letention  time  .V6  min  on  chro¬ 
matogram  B).  The  time  course  of  this  hydrolysis,  as  illustrated  in  Fig.  5,  indicates 
that  base  release  has  gone  to  completion  within  40  min.  The  peaks  eluting  between 
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Fi<i.  6.  Release  of  base  products  from  samples  of  DNA  irradiated  to  100  Gy  in  nitrous  oxide-saturated 
aqueous  solution  as  measured  by  GC-MS/SIM  as  a  function  of  the  lime  of  formic  acid  hydrolysis  at  150"C. 
(A)  Modified  pyrimidines:  (•)  5,6-dihydrothymine;  (■)  5-hydroxy-5.6-dihydrocytosine;  (♦)  5-hydroxy- 
5,6-dihydrothymine;  (□)  cytosine  glycol;  (  )  thymine  glycol.  (B)  Modilied  purines:  (▲)  FAPy-adenine;  (A) 
8-hydroxyadenine;  (▼)  FAPy-guanine;  (V)  X-hydroxyguanine.  Each  data  point  represents  the  mean  (±SE) 
from  three  replicate  experiments. 


30  and  40  min  in  the  hydrolyzed  sample  of  irradiated  DNA  (chromatogram  B)  are 
devoid  of  absorbance  spectra  characteristic  of  purine  or  pyrimidine  constituents  and 
are  as  yet  unidentified.  Analysis  of  these  samples  by  GC-MS/SlM  reveals  that  a  pla¬ 
teau  for  release  of  the  radiation-induced  DNA  base  products  occurs  within  40  min. 
If  the  modified  bases  were  labile  under  the  acidic  conditions  used,  then  a  decrease  in 
their  yield  would  occur  over  prolonged  exposure.  However,  a  distinct  plateau  was 
maintained  for  at  least  80  min  of  heating  at  I50°C  (Fig.  6).  The  data  in  Figs.  5  and  6 
indicate  that  the  release  of  modified  purines  and  pyrimidines  from  the  sugar-phos¬ 
phate  backbone  of  DNA  is  complete  within  30-40  min  of  hydrolysis  in  acid  at  1 50°C 
and  that  the  products  are  stable  under  thcNc  conditions. 

As  a  demonstration  of  this  methodology  for  quantitative  analysis  of  radiation-in¬ 
duced  DNA  base  modification,  product  formation  was  assessed  as  a  function  of  radia¬ 
tion  dose.  Figure  I  illustrates  a  selected-ion  chromatogram  generated  from  a  DNA 
sample  which  was  7-irradiatcd  to  l(X)  Gy  in  nitrous  oxide-saturated  aqueous  solu¬ 
tion.  Following  analysis,  the  areas  of  the  peaks  representing  those  products  listed  in 
Table  I  were  integrated  and  product  yield  from  each  sample  was  calculated.  Figure  7 
illustrates  the  product  yield  in  each  DNA  sample  in  terms  of  micromoles  per  gram 
of  DNA  plotted  as  a  function  of  radiation  dose.  Generally,  products  were  detected  in 
low  yields  in  unirradiated  samples  (Fig.  7;  Ref.  (22)).  However,  product  yield  was 
found  to  increase  linearly  as  a  function  of  radiation  dose  in  the  range  studied.  From 
these  data,  radiation  chemical  yield  was  calculated  from  the  slope  of  the  best-fit  lines 
obtained  by  least-squares  linear  regression  analysis  and  listed  in  Table  II.  Although 
several  studies  address  the  yield  of  the  radiation-induced  DNA  base  products  in  air- 
and/or  nitrogen-saturated  aqueous  solution  {J-6,  (i-l.’i).  no  studies  which  permit  di- 
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Fig.  7.  Product  formation  resulting  from  exposure  of  nitrous  oxide-saturated  solutions  of  heat-denatured 
DNA  to  ionizing  radiation.  (A)  Modified  pyrimidines;  (•)  S.6-dihydrothymine;  (■)  5-hydroxy-5.6-dihy- 
drocytosine;  (♦)  5-hydroxy-5,6-dihydrothymine;  (□)  cytosine  glycol;  (  )  thymine  glycol.  (B)  Modified 
purines;  (A)  FAPy-adenine;  (A)  8-hydroxyadenine;  (▼)  FAPy-guanine;  (V)  8-hydroxyguanine.  Each  data 
point  represents  the  mean  ( +  SE)  from  three  replicate  experiments  and  the  data  were  fitted  by  least-squares 
linear  regression  analysis. 


rect  comparison  of  the  yield  of  these  products  obtained  from  DNA  samples  irradiated 
in  nitrous  oxide-saturated  aqueous  solution  are  available. 

In  summary,  6-azathymine  and  8-azaadenine  have  been  suggested  for  use  as  appro¬ 
priate  internal  standards  for  quantitative  measurement  of  radiation-induced  DNA 
base  damage  using  the  GC-MS/SIM  technique  and  the  procedure  used  to  calibrate 
the  mass  spectrometer  by  experimental  determination  of  relative  molar  response  fac¬ 
tors  has  been  presented.  Studies  which  demonstrate  completeness  of  acid  hydrolysis 


TABLE  II 


Pnxlucl  Yield  from  DNA  Samples  Irradiared  in  Nitrous  Oxide- Saluraied  Solutions 
in  the  Heat-Denatured  Conformation ' 


I’roJim 

Product  yield 
(umolj  ' !  K  10' 

5.6-Dihydrothymine 

0.88 

5-Hydroxy-5,6-dihydrothyminc 

4.0.5'' 

Cytosine  glycol 

l.fi.C 

5-Hydroxy-5.6-dihydrocytosinc 

0.74" 

Thymine  glycol 

1.4.1 

FAPy-adenine 

0..1I 

8-Hydroxyadenine 

0..1I 

FAPy-guanine 

0.41 

8-Hydroxyguanine 

0.75 

'  DNA.  0.5  mg/ml.  in  .10  mmol  dm  ‘  phosphate  buffer.  pH  7.0. 
Relative  molar  response  factors  have  been  estimated. 
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of  the  DNA  samples  and  optimization  of  the  derivatization  reactions  were  presented. 
In  addition,  the  stability  of  the  modified  DNA  bases  in  acid  and  the  stability  of  the 
trimethylsilylated  DNA  bases  over  the  time  course  required  to  complete  analysis  of 
a  typical  experiment  were  also  described.  Using  this  methodology,  the  yield  of  radia¬ 
tion-induced  DNA  base  damage  was  assessed  in  samples  of  heat-denatured  DNA 
exposed  to  7  radiation  in  nitrous  oxide-saturated  aqueous  solution  and  radiation 
chemical  yields  under  these  conditions  are  reported.  Quantitative  measurement  of  a 
plethora  of  radiation-induced  DNA  base  modifications  under  a  variety  of  radiolysis 
conditions  is  now  feasible. 
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Tropism  of  canine  neutrophils 


Dale  F.  Gruber,  PhD,  and  Ann  M.  Farese,  MA 


SUMMARY 

Quantitative  evaluation  of  neutrophil  chemotaxis  was 
performed  on  cells  obtained  by  hypotonic-lysis  techniques 
from  heparinized  blood  samples  from  clinically  normal 
dogs.  The  techniques  resulted  in  neutrophil  recovery  rates 
between  60  and  800{ .  Chemotaxis  comparisons  were  based 
on  cellular  migration  in  microchambers  equipped  with 
polycarbonate  membranes  with  S-p-m  pores.  Chemo¬ 
attractant  comparisons  were  based  on  neutrophil  migra¬ 
tion  to  medium,  normal  canine  plasma,  zymosan-activated 
plasma,  and  xanthine  oxidase.  Cellular  migration  to  zy¬ 
mosan-activated  plasma  in  buffer  (1:100  dilution)  was 
significantly  (P  <  0.001 1  enhanced  over  random  baseline 
medium  migration.  Neutrophil  migrations  to  normal  ca¬ 
nine  plasma  and  xanthine  oxidase  were  quantitatively 
less  than  to  zymosan-activated  plasma,  but  were  equiv¬ 
alent  to  each  other  and  significantly  greater  than  for  ran¬ 
dom  migration.  Migration  to  xanthine  oxidase  was 
maximal  at  concentrations  near  1  U/ml  within  30  min¬ 
utes. 


Expo.sure  of  neutrophils  to  inflammatory  substances  in¬ 
itiates  physiologic  and  metabolic  changes  in  the  cell,  in¬ 
cluding  ion  fluxes. ‘  cellular  orientation  or  polarization,- 
locomotion,  ’  lysosomal  secretion,'  and  production  of  re¬ 
active  oxygen  intermediates.  ’  One  important  intermedi¬ 
ate  of  oxygen  metabolism  is  superoxide  anion.  Neutrophils 
reportedly  release  superoxide  anion  during  phagocytosis" 
or  after  activation  by  complement,  aggregated  immuno¬ 
globulins,’  or  endotoxins.'  The  participation,  or  relation¬ 
ship,  of  superoxide  anion  to  the  inflammation  process  has 
been  inferred  from  the  anti-inflammatory  effects  of  its 
antagonist,  superoxide  dismutase.'”'  Superoxide  anion  also 
may  be  produced  acellularly  by  enzymatic  action.  Xan¬ 
thine  oxidase  was  the  first  identified  biological  source  of 
superoxide  anion.'"  Widely  distributed,  xanthine  oxidase 
is  particularly  rich  in  lung,  liver,  and  intestinal  tissues," 
where  it  exists  primarily  as  xanthine  dehydrogena.se.'- 
Xanthine  oxidase,  an  oxireductase,  generates  superoxide 
anion  from  xanthine,  hypoxanthine,  and  acetaldehyde 
substrates.  Neutrophil  chemotaxis  toward  inflammation 
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may  be  related  to  the  presence  of  superoxide  anion."  De¬ 
spite  the  fact  that  defective  inflammatory  cell  migration 
has  been  associated  with  the  pathogenesis  of  many  dis¬ 
eases,  little  information  exists  on  operant  regulatory 
mechanisms.  Even  less  is  known  of  chemotaxis  regula¬ 
tion  in  dogs,  despite  the  fact  that  dogs  are  being  used  for 
investigation  of  septic  shock,"  pulmonary  injury,' '  and 
myocardial  infarction.'"  The  study  reported  here  was  con¬ 
ducted  to  determine  whether  xanthine  oxidase,  an  super¬ 
oxide  anion  substrate,  alters  the  directed  migration  of 
isolated  canine  neutrophils. 

Materials  and  Methods 

Animats— Hra  Beagles  iCariis  familiarise  1  to  2  years  old  and 
weighing  10  to  12  kg  were  quarantined  and  screened  for  evi¬ 
dence  of  disease  before  being  released  to  experiments.  Unless 
prescribed  by  protocol,  subjects  were  not  administered  medica¬ 
tion  for  30  days  prior  to  or  during  experimental  participation. 
Dogs  were  provided  commercial  dog  food  and  allowed  access  to 
tap  water  ad  libitum.  Animal-holding  rooms  were  maintained 
at  21  C  i  1C  with  SO"!  i  relative  humidity,  using  at 
least  10  air  changes/hour  of  lOOT  conditioned  fresh  air.  All 
holding  rooms  were  maintained  on  a  r2-hour  light-dark  full- 
spectrum  photoperiod  with  no  twilight. 

Neutrophil  (.so/ation  — Blood  i5  ml.  once  month)  was  drawn 
from  each  dog's  lateral  saphenous  vein  into  heparinized"  ilO  U 
ml  of  blood  I  syringes.  Blood  was  washed  in  Hanks  balanced  salt 
solution"  i400  x  g,  10  minutes,  21  Ci.  Contaminating  rkc  were 
lysed  with  0.83''»  NH^Cl"  ( 10  minutes,  4  Ci  and  washed  in  Hanks 
balanced  salt  solution.  Tbe  leukocyte  pellet  was  suspended  in 
phosphate-buffered  saline  solution'  supplemented  with  0.2''!  heat- 
inactivated  fetal  bovine  serum.''  Wright-stained  blood  smears 
were  prepared  for  differential  and  morphologic  examinations. 
Complete  blood  cell  counts  were  obtained  by  automated  analy¬ 
sis.''  Viability  of  cells  isolated  in  this  manner  was  >  95'';  when 
as.se.ssed  by  trypan  blue  or  propidium  iodide  exclusion. 

Chemoattractants  — Zymosan-acUviiU'd  plasma  was  prepared 
by  incubating  5  mg  of  zymosan''  ml  of  freshly  drawn  plasma  for 
,30  minutes  at  37  C.  Zymosan  was  removed  by  centrifugation 
(400  s  g.  10  minutes,  21  C),  Plasma  or  zymo.san-activated  plasma 
chemoattractants  were  prepared  by  adding  plasma  to  buffer  at 
a  concentration  of  1:100  iv  vi.  Xanthine  oxidase  was  added  to 
pho.sphate-buffered  saline  .solution  at  2. .5,  5,  10,  and  20  1,000  iv 
VI  Control  wells  received  phosphate-buffered  saline  solution 
alone. 
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Chemotaxis  assay— A  48-well  microchemolaxis  chamber  as¬ 
sembly'^  was  used  to  quantitate  cellular  mip'ation  by  counting 
neutrophils  that  migrated  through  a  lO-gm-thick  polycarbonate 
polyvinyl  pyrrol idone- free  membrane  with  r)-|a.m  pores. l,<iwer 
wells  received  chemoattractant  or  medium.  Upper  wells  re¬ 
ceived  a  cellular  mixture  adjusted  to  contain  10'  neutrophils. 
Chambers  were  incubated  at  37  C  for  1  hour.  Filters  were  re¬ 
moved  and  the  nonmigrating  side  was  .scraped  clean  of  cells. 
Filters  were  fixed  in  lOO'f  methanol  for  1  minute  and  stained 
in  differential  stiiin.''  Four  high-power  '  100  >  i  microscopic  fields 
across  the  diameter  of  the  well  were  examined,  and  the  mean 
cellular  migration  per  field  per  hour  was  determined. 

Statistical  Analysis  — AW  data  were  recorded  as  mean  •  sk.M. 
Differences  were  analyzed  for  statistical  significance,  using  the 
Student  t  test. 

Results 

The  migratory  re.sponses  of  neutrophils  to  concentra¬ 
tions  of  xanthine  oxidase  between  0.125  and  1  U  ml,  final 
volume,  are  depicted  (Fig  li.  Migration  to  1  U  ml  was 
generally  better  than  the  migration  to  lower  concentra¬ 
tions,  but  was  significantly  iP  <  0.05 1  increased  only  at 
90  minutes.  The  highest  concentration  level  was  selected 
for  further  examination. 

The  migration  of  neutrophils  to  chemotiixis  medium 
alone  was  enhanced  by  the  inclusion  of  1  U  of  xanthine 
oxidase'ml  of  medium  (F'ig  2).  At  30  minute.s'  incubation, 
cellular  migration  toward  1  U  of  xanthine  oxidase  was 
significantly  iP  <  0.01 1  enhanced  over  that  toward  me- 
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Fig  1  Migration  of  neutrophils  to  various  concentrations  of  xanthine  oxi¬ 
dase.  Data  points  are  the  mean  number  (  •  stM)  of  migrating  cells  per 
high-power  field.  Mean  cellular  migration  was  determined  from  a  minimum 
of  4  high-power  fields  from  triplicate  samples  Minimum  of  5  dogs  were 
examined  per  data  point 
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Fig  2  Migration  of  neutrophils  to  1  U  of  xanthine  oxidase  ml  of  medium 
or  to  medium  alone  over  a  90-minute  period 


TABLE  1  Neutrophil  chemotaxis 

Mc.in  Nd  ..| 
cii.-iir  ra¬ 


No  •  f 

ll•lll■  ■  -1 

M  MH 

‘tliuni 

MtMiitini 

2(> 

7‘i  ■ 

Pla^ina^ 

2t> 

il:t  ■  (i 

n  iiOI 

/vnni>an 

•aftivalt'd 

pla.sina 

li 

2(> 

147  ■  0 

(1  iini 

Xanlhini' 

‘  uxitiaM’ 

1  I'm 

I  o|  iiu’iitiim 

lls  -  (i 

II  nni 

■  No 

)i  ol>M‘rN  at 

\i>n>  ■  in  1 

lli'Id 

Mi^di- 

}>i>VVtT  1  (Ml  •  1  U‘l(l  ^ 

t  1110  dill 

M  ion  o|  pi 

la>ma  t 

o  inu- 

(iitiin 

ion  of  nontro 

plnU  to  modiuin,  noi 

rnial  fd; 

a>ina. 

/yino>an- 

auhvati'd  pLi 

istna  and  : 

<ani!iiiu'  ' 

•MiiaM* 

Data 

art*  ••xpnv 

'Mil  a.'  moan 

mifnlHT  ol 

niip'atin^ 

:  t-fl).''  HI 

i‘  tu-ld 

■  •  >1  M  f 

or  1.'^  lo  24  s 

dium  alone.  This  level  of  significance  was  maintained 
through  the  90-minute  incubation  period. 

To  determine  whether  the  chemotaxis  technique  was 
affected  by  cellular  concentration,  a  titration  curve  was 
developed.  Neutrophils  responded  to  medium  i»lone  or  to 
1  U  of  xanthine  oxidtise  ml  of  medium,  in  almost  straight- 
line  fashion  iFig  3i.  The  cellular  concentration  selected 
for  further  examination  was  2  •  10"  cells  ml. 

On  the  basis  of  the  total  and  dilTerential  leukocyte  counts 
obtained  from  the  (T«'  counts  and  final  cell  i.solates,  76'r 
of  the  total  available  neutrophils  were  harvested  by  these 
techniques.  Final  cell  isolates  were  almost  89'r  neutro¬ 
phils.  Viability  was  normally  •  95'r  when  examined  by 
trypan  blue  or  propidium  iodide  exclusion. 

'I'he  mean  background  random  migration  was  79  ♦  3 
cells/high-power  field  (Table  1  L  The  pre.sence  of  1:100 
normal  dog  plasma  in  buffer  increased  the  mean  migra¬ 
tion/high-power  field  to  113  •  6  cells  (/’  v  0.001 1.  .Similar 
concentrations  of  the  same  nh.sma  aliquot  activated  by 
zymosan  resulted  in  mean  migration  of  147  *  9  cells' 
high-power  field  iP  <  0.001  vs  medium.  P  0.008  vs 
plasma).  Xanthine  oxidase  addl'd  to  buffer  resulU'd  in  mean 
cellular  migration  of  1 18  •  6  cells /high-power  field  \P  < 
0.001  vs  medium).  The  migratory  elTei-t  attributable  to 
the  addition  of  xanthine  oxida.se  to  buffer  was  not  signif¬ 
icantly  different  from  the  migratory  effect  of  plasma  [P 
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Cell  concentration  (x  10*^  ml) 


Fig  3  Migratory  effects  of  1  U  of  xanthine  oxioase  ml  on  neutrophil  con¬ 
centrations  ranging  between  0  5  ana  2  5  ■  1C'  cells  ml 

().o.52«i,  but  was  less  than  that  fur  zymusan-activated 
plasma  'P  0.02 c 

Discussion 

The  physiologic  rcsponseisi  of  a  host  to  trauma  includes 
inflammatory  processes  characterized  by  the  infiltration 
and  accumulation  of  neutrophils.  The  ttmplification  or 
perpetuation  of  inflammatory  respon.ses  depends  on  the 
emigration  of  normal  leukocytes  into  the  area  of  injury. 
Trauma  may  alter  the  capacity  of  neutrophils  to  migrate, 
thereby  exacerbating  existing  bacterial  infect  ions  into  se¬ 
rious.  often  fatal,  seplecemia.  Neutrophils  migrate  to  in¬ 
jury  sites  by  moving  along  concentration  gradients 
established  by  intrinsic  factors,  eg.  complement-split 
products  or  extrinsic  factors,  such  as  those  elaborated  by 
bacteria.  Inflammalorv-  cells  also  have  been  suggested  as 
an  intrinsic  chemotactic  sourci-  based  on  suppression  of 
leukocyte  infiltration  after  superoxide  dismuta.se  admin¬ 
istration  in  rodents'"  and  human  beings.'"  Pet  rone  et  aP" 
suggested  that  superoxide  anion  elaborated  from  neutro¬ 
phils  reacted  with  plasniit  products  to  generate  chemo- 
tcixigenic  factor' si.  Superoxide  dismutase  administered  1 
hour  prior  to  iidministration  of  carrageenan  inhibited 
edema  and  influx  of  neutrophils,  as  measured  by  Arthus 
respon.se.  Our  findings  suggest  that  xanthine  oxida.se.  a 
tissue  factor,  has  chemotaxigenic  properties. 

Trauma  results  in  adenosine  triphosphate  catabolism 
and  formation  of  the  purine  nucleotide  precursors  hypo- 
xanthine  and  xanthine.-'  At  the  .same  lim<‘,  xanthine  de- 
hydrogena.se  in  tissues  in  proteolytically  converted  to 


xanthine  oxida.se."-  The  aerobic  enzymatic  interaction  of 
the  purine  nucleotides  and  xanthine  oxidase  reduces  mo¬ 
lecular  oxygen  to  superoxide  anion  and  H.  O^.  Tubaro  et 
al" '  reported  a  marked  increa.se  in  the  :  anthine  oxidase 
activity  of  neutrophils  and  macrophages  from  mice  in- 
ft'cted  with  Stophylococcus  aureus.  The  addition  of  xan¬ 
thine  substrate  to  neutrophils  elicited  from  the  peritoneal 
cavities  of  clinically  normal  mice  increa.sed  their  phago¬ 
cytic  bactericidal  activity. 

It  has  been  proposed  that  the  protective  effects  of  al- 
lopurinol.  a  competitive  inhibitor  of  xanthine  oxida.se.  may 
he  related  to  its  ability  to  inhibit  the  production  of  su- 
peroxide  anion  via  it's  effects  on  xanthine  oxidase.-'  Al- 
lopurinol  may  reduce  free  radical  tissue  damage  hy 
inhibiting  access  to  the  xanthine  oxida.se  substrate,  thereby 
reducing  inflammation.  The  participation  of  xanthine  ox¬ 
idase  in  the  process  of  inflammation  may  be  clinically 
relevant  in  instances  of  mechanical,  thermal,  reperfu¬ 
sion.  radiation,  or  inflammatory  injury. 
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Effects  of  Acute  Sublethal  Gamma 
Radiation  Exposure  on  Aggressive  Behavior 
in  Male  Mice:  A  Dose-Response  Study 


Donna  M.  Maikr.  M.A..  Ph.D..  and 
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Maiir  dm.  I.andaui  r  MR.  t.ffcds  of  at  ult-  .\uhU‘thal  niimma 
raJiatinn  axpusure  an  ht'huvior  in  male  nine  a  dose- 

response  study  .Avial.  Space  Environ.  Med  IW9;  60:774-8. 

Th«  resid«tit-infrud«r  paradigm  was  us«d  to  assess  the  effects 
of  gamma  radiation  (0,  3,  S,  7  Gray  [Gy]  cobalt-AO)  on  aggres¬ 
sive  offensive  behavior  in  resident  male  mice  over  a  3-montb 
period.  The  defensive  behavior  of  nonirrodiated  intruder  mice 
was  aiso  monitored.  A  dose  of  3  Gy  had  no  effect  on  either  the 
residents'  offensive  behavior  or  the  defensive  behavior  of  the 
intruders  paired  with  them.  Doses  of  5  and  7  Gy  produced  de¬ 
creases  in  offensive  behavior  of  irradiated  residents  during  the 
second  week  postirradiation.  The  nonirrodiated  intruders  paired 
with  these  animals  displayed  decreases  in  defensive  behavior 
during  this  time  period,  indicating  a  sensitivity  to  changes  in  the 
residents'  behavior.  Affer  the  third  week  postirradiation,  offen¬ 
sive  and  defensive  behavior  did  not  differ  significantly  between 
irradiated  mice  and  sham-irradiated  controls.  This  study  sug¬ 
gests  that  sublethal  doses  of  radiation  can  temporariiy  suppress 
aggressive  behavior  but  have  no  apparent  permanent  effect  on 
that  behavior. 

KNOWI.HDGE  of  the  behavioral  elTccts  of  low 
dose8  of  acute  ionizing  radiation  has  become  in¬ 
creasingly  important  in  light  of  recent  accidents  involv¬ 
ing  nuclear  material  at  Chernobyl.  U.S.S.R..  and  Go- 
iania.  Brazil  (1.20.2.*').  Additionally,  extended  space 
missions,  planned  for  the  future,  will  increase  astro¬ 
nauts'  risk  of  exposure  to  radiation  from  solar  (lares  and 
Fiarth's  radiation  belt  (4).  Because  of  the  paucity  of  be¬ 
havioral  data  available  from  victims  of  nuclear  acci¬ 
dents.  it  is  important  to  conduct  controlled  studies  using 
animal  models. 

Previous  radiation  research  has  focused  on  a  variety 
of  behaviors,  including  locomotor  activity,  operant  re¬ 
sponding.  conditioned  taste  aversion,  conditioned 
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avoidance  responding,  food  and  water  intake,  maze  per¬ 
formance.  and  emesis  (see  4.12.1.*'.  and  23  for  reviews). 
In  most  studies,  radiation  produced  a  behavioral  decre¬ 
ment.  However,  the  degree  and  time  course  of  the  be¬ 
havioral  decrement  varied  with  the  behavior  studied  as 
well  as  with  the  radiation  dose,  quality  of  radiation,  and 
animal  species  used  ( 12. 1.‘'.22).  The  complexity  and 
physical  demands  of  the  task  and.  possibly,  the  motiva¬ 
tion  underlying  its  performance  are  involved  in  the  dif¬ 
ferent  radiation-induced  sequelae  for  various  behaviors 
(4.8. 1.*'.  19).  Thus,  it  is  necessary  to  assess  different 
types  of  behaviors  separately  in  order  to  ascertain  the 
full  range  of  possible  radiation-induced  behavioral  dec¬ 
rement. 

Our  laboratory  is  currently  exploring  the  conse¬ 
quences  of  radiation  exposure  on  social  behavior,  an 
area  which  has  not  been  adequately  addressed  in  the 
past  (19).  .Since  mice  exhibit  territorial  behavior  under 
laboratory  and  natural  conditions  (2.3).  a  mouse  model 
of  social  behavior  was  chosen  to  examine  the  effects  of 
radiation  on  territorial  aggressive  behavior.  The  present 
study  monitored  the  effects  of  acute,  sublethal  doses  of 
gamma  radiation  on  aggressive  interactions  over  a  3- 
month  period. 

MATERIALS  AND  METHODS 

Suhivcis:  A  total  of  f)2  male  Crl:CFW  (SW)BR  V.AEV 
F’lus  .Swiss-Webster  mice  (M«.v  musvulu.s)  from  Charles 
River  Breeding  l.aboratory  (Raleigh.  NO  (31-43  g) 
were  used.  The  mice  were  .*'  .*>  months  old  at  the  time  of 
irradiation.  .All  animals  were  quarantined  on  arrival,  and 
representative  animals  were  screened  for  evidence  of 
disease  before  being  released  from  quarantine.  They 
were  individually  housed  in  plastic  Micro-isolator  cages 
on  hardwood-chip  contact  bedding  in  an  AAALAC- 
accredited  facility.  Commercial  rodent  chow  (Wayne 
Lab  Blox,  Wayne,  OH)  and  acidified  (pH  2.5  using  HCI) 
water  were  freely  available  (21).  Animal  holding  rooms 
were  maintained  a(  70"  ‘  2"  f  .  with  500  i  lOO  relative 
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humidity.  The  mice  were  on  a  reversed  I2-h  lighl/dark 
full-spectrum  lighting  cycle  with  no  twilight  (lights  off  at 
0700  hours). 

Radiation  exposure:  The  mice  were  placed  in  venti¬ 
lated.  polycarbonate  restraint  devices  for  approxi¬ 
mately  20  min  during  irradiation.  Irradiation  was  ac¬ 
complished  with  bilateral,  whole-body  exposure  to 
gamma-ray  photons  from  a  cobalt-60  source.  The  mice 
received  either  }>.  or  7  Gy  of  gamma  radiation  admin¬ 
istered  at  a  dose  rate  of  I  Gy/min.  These  doses  were 
chosen  based  on  an  LD50/30  (959^  confidence  limits)  of 
7.66  (7. .‘>0-7. 82)  Gy  for  male  Swiss-Webster  mice 
housed  under  our  laboratory  conditions.  The  sham- 
irradiated  control  mice  were  treated  exactly  like  the  ir¬ 
radiated  mice,  except  that  they  were  placed  behind  a 
lead  shield  and  were  not  exposed  to  radiation. 

Procedure:  A  resident-intruder  paradigm,  in  which  a 
resident  mouse  attacks  an  intruder  that  has  entered  its 
territory,  was  used  to  measure  social  behavior  in  this 
study  (26).  This  paradigm  has  been  widely  used  to  mea¬ 
sure  offensive  aggressive  behavior  (observed  in  the  res¬ 
ident  as  it  attacks  the  intruder)  and  defensive  behavior 
(observed  in  the  intruder  as  it  defends  itself  from  the 
resident)  and  has  ethological  validity  as  dominant  mice 
defend  their  territories  in  the  wild  (2, .3).  The  mice  were 
individually  housed  I  month  before  irradiation,  since 
this  has  been  reported  to  be  an  effective  noninvasive 
method  for  inducing  offensive  aggressive  behavior  in 
mice  (5,7.24).  After  2  weeks  of  individual  housing,  each 
animal  was  brought  to  the  test  room,  paired  with  an¬ 
other  weight-matched  mouse,  and  left  to  fight  for  5  to  10 
min.  The  animal  that  dominated  in  this  encounter  was 
subsequently  designated  as  the  resident  and  the  subor¬ 
dinate  animal  became  the  intruder.  Animals  remained  in 
the  same  resident-intruder  pairs  throughout  the  experi¬ 
ment.  and  all  further  testing  was  conducted  in  the  .esi- 


dent’s  home  cage.  Resident  animals  were  randomly  as¬ 
signed  to  four  treatment  groups:  sham-radiation  (N  = 
8),  3  Gy  (N  =  8).  5  Gy  (N  =  7),  or  7  Gy  (N  =  8). 

The  mice  were  habituated  to  the  testing  room  for  1  h 
before  the  test.  Intruders  were  placed  in  the  resident's 
home  cage  (25.7  x  15.2  x  I2. 1  cm)  for  5  min  during  the 
dark  portion  of  the  light/dark  cycle,  and  the  mice  were 
videotaped  under  infrared  light.  After  the  study  was 
completed,  the  videotapes  were  analyzed  by  a  scorer 
unaware  of  the  treatment  condition.  The  following  be¬ 
haviors  displayed  by  the  resident  mouse  were  scored: 
latency  to  attack,  number  and  duration  of  roll  and  tum¬ 
ble  fights,  and  number  of  bites,  lunges,  and  chases 
(2.3.26).  Bites  did  not  draw  blood  or  leave  any  discern¬ 
ible  mark  on  the  intruder.  Scored  behaviors  displayed 
by  the  intruder  mouse  were  duration  of  defensive  up¬ 
right  postures,  number  of  squeaks,  and  number  of  es¬ 
capes  from  the  resident  (2.3,6).  The  mice  were  tested  1 
week  before  irradiation  to  ensure  maintenance  of  the 
dominance  relationship  established  between  them,  at  2 
weeks  preirradiation.  The  baseline  test  was  performed  2 
d  before  irradiation.  Postirradiation  tests  were  con¬ 
ducted  I  to  3  h  postirradiation  (day  0).  and  days  2.  5.  7. 
9,  12.  15.  19.  21.  26.  29.  48,  62,  and  97  postirradiation. 

Statistical  analysis:  The  nonparametric  Kruskal- 
Wallis  and  Mann- Whitney  U  tests  were  used  to  analyze 
the  data  (II).  If  the  Kruskal-Wallis  test  revealed  a  sig¬ 
nificant  difference  among  groups  (which  occurred  on 
test  days  0-19  postirradiation),  paired  comparisons  of 
daily  scores  of  each  irradiated  group  with  the  control 
group  were  made  using  the  Mann- Whitney  U  test.  This 
was  the  procedure  followed  for  each  of  the  eight  behav¬ 
iors  analyzed.  A  one-tailed  alpha  level  (p  <  0.05)  was 
set  for  all  statistical  comparisons,  since  radiation  has 
previously  been  shown  to  result  in  decrements  in  ag¬ 
gressive  interactions  (19). 


Fig.  1 .  Offensiv*  aggratsiv*  b*- 
haviers  ditplayad  by  ratidant 
mica  in  a  5-min  rasidant-intrudar 
fast.  Rasidant  mica  wara  thom- 
irradiatad  or  axposad  to  3,  5,  or  7 
Oy  of  gamma  radiation  on  day  0. 
Data  aro  protontad  at  a  parcant- 
aga  of  control  (tham-irrodiatod) 
group.  (A)  Numbar  of  fights,  (B) 
Duration  of  fights,  (C)  Numbor  of 
bitas,  and  (D)  Numbar  of  lungos 
and  chasas.  N  =  7  in  tha  S  Oy 
group;  N  =  B  in  tha  othar  groups; 
*p  <  O.OS  whan  comparad  with 
controis. 
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RESULTS 

In  general,  resident  mice  irradiated  with  3  Gy  did  not 
exhibit  any  significant  differences  in  offensive  aggres¬ 
sive  behavior  directed  toward  the  intruders  when  com¬ 
pared  with  the  sham-irradiated  controls  (Fig.  I).  Simi¬ 
larly,  there  were  no  differences  in  the  defensive 
behaviors  of  the  nonirradiated  intruders  paired  with  the 
residents  treated  with  3  Gy  when  compared  with  the 
controls  (Fig.  2). 

For  purposes  of  clarification,  data  are  illustrated  as  a 
percentage  of  the  sham-irradiated  control  group  in  Figs. 
I  and  2.  The  means  and  standard  errors  of  all  the  pa¬ 
rameters  of  the  control  group  are  presented  in  Table  I. 
The  control  group  is  always  considered  to  be  l(X)9f  of 
the  response  and  is  depicted  by  a  solid  line. 

For  the  5  and  7  Gy  groups,  significant  changes  in 
offensive  behavior  in  the  irradiated  residents  occurred 
primarily  during  the  second  week  postirradiation.  In  the 
5  Gy  group,  attack  latency  (data  not  shown)  increased 
significantly  on  days  7  and  9  postirradiation  (U  (8.7)  = 
54.  p  <  0.01 ;  U  (8,7)  =  50,  p  <  0.01 1  and  the  number  of 
bites  decreased  significantly  on  day  12  postirradiation 
[U  (8.7)  =  46.  p  <  0.05)  (Fig.  I).  Defensive  behavior 
emitted  by  the  nonirradiated  intruders  paired  with  res¬ 
idents  treated  with  5  Gy  also  showed  significant  de¬ 
creases.  primarily  in  the  second  week  postirradiation. 
The  number  of  escapes  and  squeaks  decreased  signifi¬ 
cantly  on  day  7  postirradiation  in  intruders  paired  with 
residents  irradiated  with  5  Gy  (U  (8.7)  =  49.5.  p  <  0.01; 
U  (8.7)  =  44.5.  p  <  0.051  <Fig.  7).  Decreases  in  defen¬ 
sive  behavior  also  occurred  on  day  2  postirradiation  in 
these  intruders.  Both  time  spent  in  the  defensive  upright 
posture  and  number  of  escapes  decreased  at  this  time  in 
the  intruders  paired  with  5  Gy  residents  [U  (8.7)  =  44. 
p  <  0.05;  U  (8.7)  =  44.5,  p  <  ().05|  (Fig.  2).  Number  of 
escapes  also  decreased  significantiv  in  these  intruders 
on  day  0  (U  (8.7)  =  46,  p  <  0.05]  (Fig.  2). 

In  the  residents  treated  with  7  Gy.  number  of  fights 
and  fight  duration  decreased  significantly  on  day  9 
postirradiation  (U  (8.8)  =  55.5.  p  <  O.OI;  U  (8,8)  = 
53.5.  p  <  0.05]  (Fig.  I).  On  day  12  postirradiation,  the 
number  of  lunges  and  chases  decreased  significantly  |U 
(8,8)  =  50.5.  p  <  0.05]  (Fig.  I),  Defensive  behavior 
displayed  by  the  nonirradiated  intruders  paired  with  res¬ 
idents  treated  with  7  Gy  also  showed  significant  de¬ 
creases  during  the  second  week  postirradiation.  The 
number  of  escapes  and  squeaks  decreased  significantly 
on  day  9  postirradiation  (U  (8.8)  =  54,  p  <  0,05;  U  (8,8) 
=  51.  p  <  0.05]  in  intruders  paired  with  the  7  Gy  resi¬ 
dents  (Fig.  2).  On  day  12,  both  the  number  of  squeaks 
and  time  spent  in  the  defensive  upright  posture  de¬ 
creased  significantly  in  these  intruders  |U  (8,8)  =  57.5. 
p  <  0.01 ;  U  (8,8)  =  49.5,  p  <  0.05]  (Fig.  2).  Time  spent 
in  the  defensive  upright  posture  also  decreased  signifi¬ 
cantly  on  day  19  postirradiation  JU  (8,8)  =  53,  p  <  0.05] 
(Fig.  2).  No  significant  effects  were  found  in  the  7  Gy 
group  during  the  first  week  postirradiation. 

After  day  19  postirradiation,  no  significant  differ¬ 
ences  were  found  between  any  of  the  irradiated  groups 
and  the  sham-irradiated  control  group  on  any  measure 
for  either  the  residents  or  the  intruders.  Testing  was 
stopped  after  day  97  postirradiation.  There  were  no  sig¬ 


nificant  differences  between  the  5  and  7  Gy  groups 
when  the  two  were  compared  with  each  other. 

DISCUSSION 

The  results  of  the  present  study  indicate  that  gamma 
radiation  can  temporarily  suppress  offensive  aggressive 
behavior  during  the  second  week  postirradiation.  The 
extent  to  which  this  finding  is  influenced  by  a  general¬ 
ized  malaise  or  by  reductions  in  spontaneous  locomotor 


A.  Number  of  Escapes 


B.  Number  of  Squeaks 


radiation 


C.  Duration  of 


Defensive  Upright  Postures 


Fig.  3.  Dvfantiv*  behavior  diiployod  by  nenirradiatad  in- 
trudar  mice  paired  with  resident  mice  that  were  sham-irradiated 
or  exposed  to  3,  S,  or  7  Oy  of  gamma  radiation  on  day  0.  Data 
are  presented  as  a  percentage  of  control  (sham-irradiated) 
group.  (A)  Nwmbor  of  ouapes,  (B)  Number  of  squeaks,  and  (C) 
Duration  of  defensive  upright  postures.  N  =  7  in  the  S  Oy  group; 
N  =  8  in  the  other  groups:  *p  <  O.OS  whon  comparod  with  con¬ 
trols. 
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TABLE  1.  MEANS  (±S.E.M.)  OF  THE  SHAM-IRRADIATED  GROUP  FOR  BEHAVIOR  OF 
RESIDENT  MICE  AND  BEHAVIOR  OF  INTRUDER  MICE  OVER  3  MONTHS  OF  TESTING. 
(These  values  were  used  to  compute  the  control  lines  that  appear  in  Fig,  1  and  2.) 


Offensive  Aggressive  Behaviors  of  Sham-Irradiated  Residents 

No.  of 

Fight 

No.  of 

No.  of 

Day* 

Fights 

Time** 

Bites 

Lunges/Chases 

_ 

4.1  (1.2) 

2.7  (0.8) 

12.8  (3.4) 

11.6(4,0) 

0 

3.9  (1.4) 

3.2  (1.3) 

19.6  (5.0) 

12,6  (5.5) 

2..')  (1.1) 

1.8  (0.7) 

9.5  (1.9) 

16.4  (3.7) 

5 

3.1  (l.-M 

2.3  (1.0) 

13.0(2.7) 

8.1  (1.8) 

7 

2.6  (1.1) 

1.8  (0.7) 

13.5  (3.3) 

14.5  (2.5) 

9 

2.3  (0.9) 

1.3  (0.6) 

12.3  (3.4) 

11.6  (2.7) 

12 

1,9  (0.7) 

1.4  (0.5) 

12.5  (2.5) 

12.5  (2,4) 

l.s 

1.9  (1.0) 

1.5  (0,7) 

7,6  (1.8) 

9.4  (2.9) 

19 

l  .S  (0.8) 

0.9  (0.5) 

9.4  (2.8) 

9.9  (1.3) 

21 

1.8  (0.9) 

1.0(05) 

9.9  (2.7) 

8.8  (2.7) 

26 

1.1  (0.4) 

0.8  (0.3) 

6.5  (2.5) 

10.4  (2.2) 

29 

1.6  (0.7) 

1.3  (0.7) 

11.5  (3.2) 

8.5  (2.1) 

48 

1.4  (0.6) 

0.9  (0,4) 

5.4  (1,2) 

7.0(2.!) 

62 

1.9  (0.8) 

1.8  (0.7) 

7.1  (1.8) 

7, 9(1. 7) 

97 

1.0  (0.4) 

0.7  (0.2) 

6.9  (1.9) 

12.4  (2.4) 

Defensive  Behaviors  of  Intruders  Paired  with  Shammed  Residents 

No.  of 

No.  of 

Defensive 

Day* 

Escapes 

Squeaks 

Posture  Time** 

-  2 

17.1  (5.9) 

63.0  (16.7) 

73,8  (14,6) 

0 

17,0(6.4) 

*** 

105.8  (16,1) 

*> 

16.0  (5.2) 

51.5  (5.6) 

127.1  (22.8) 

5 

12.1  (2.7) 

.58.9(7.1) 

112.6  (19.5) 

7 

15.1  (3.5) 

56.1  (7.5) 

1.36.0  (19.1) 

9 

12.8(2.8) 

45.8(7.3) 

108.5  (12.6) 

12 

14.1  (3.4) 

47.6(3.3) 

102.0  (21.4) 

U! 

12.3  (3.4) 

.32.0(6.3) 

101.4  (27.9) 

19 

10.9  (1.8) 

.39.3  (3.5) 

109.4  (15.3) 

21 

11.1  (3.1) 

.38.9  (6.9) 

128.1  (16.7) 

26 

12.8  (2.2) 

.36.6(5.7) 

109.8  (16.6) 

29 

10.3  (2.4) 

.34.1  (6.4) 

104.0(22.1) 

48 

10.3  (3.0) 

24.4(4.4) 

67.6  (16.2) 

62 

10.4  (2.2) 

34.0  (6.4) 

88.9(17.6) 

97 

12.6  (3.0) 

31.6  (5.0) 

91  5  (21.6) 

'  Test  day  with  baseline  test  on  day  (  -  2l  before  sham  irradiation,  sham  irradiation  on  day  0.  and  all 
other  tests  on  days  postirradiation  (N  =  8). 

*’  Total  duration  of  behavior  in  seconds. 

***  Data  lost  because  of  technical  difficulties. 


activity  is  not  clear.  In  a  study  using  doses  of  0..''  to  7  Gy 
gamma  radiation,  spontaneous  locomotor  activity  and 
body  weight  in  Swiss-Websler  mice  were  temporarily 
decreased  by  7  Gy  cobalt-60  during  the  second  and  third 
weeks  postirradiation  but  later  recovered  (16).  In 
C57BL/6J  mice,  doses  of  6  and  7  Gy  cobalt-60  de¬ 
pressed  locomotor  activity  during  the  second  and  third 
weeks  postirradiation  (17).  In  rats,  temporary  decre¬ 
ments  in  locomotor  activity  occurred  2  to  }  weeks  fol¬ 
lowing  irradiation  with  4  to  6.8  Gy  X-rays  (10,14);  in¬ 
jection  of  a  bone  marrow  suspension  into  rats  irradiated 
with  6.5  Gy  X-rays  prevented  these  locomotor  decre¬ 
ments  (13).  Behavioral  decrements  occurring  in  the  sec¬ 
ond  week  postirradiation  and  beyond  may  be  linked  to 
radiation-induced  suppression  of  hematopoietic  tissue. 
Irradiation  in  the  5  to  10  Gy  dose  range  has  been  found 
to  cause  a  decrease  in  all  blood  cell  elements  including 
platelets,  erythrocytes,  lymphocytes,  and  granulocytes 
(9).  The  resulting  anemia,  inability  to  fight  infection, 
and  impairments  in  blood  clotting  that  cause  internal 


he.  irrhaging  (9).  may  lead  to  behavioral  suppression 
until  the  blood  cells  have  recovered. 

Significant  decreases  in  defensive  behavior  occurred 
on  days  0  and  2  postirradiation  in  the  nonirradiated  in¬ 
truders  paired  with  residents  irradiated  with  5  Gy.  Fight 
duration  and  number  of  bites  in  the  5  Gy  residents  also 
decreased  on  days  0  and  2  postirradiation,  but  these 
decreases,  while  marked,  were  not  significant.  The  rea¬ 
son  for  these  early  decreases  is  unclear.  A  high  degree 
of  variability  was  noted  on  the  baseline  test  day  among 
the  four  treatment  groups.  This  has  previously  been  ob¬ 
served  (19)  and  is  due  to  the  large  amount  of  individual 
variation  in  aggressive  behavior  from  day  to  day.  Since 
aggressive  behavior  is  a  result  of  the  interaction  of  two 
mice  rather  than  a  single  animal  performing  a  task 
alone,  variability  is  further  increased.  In  future  studies, 
we  plan  to  use  a  larger  sample  size  in  an  attempt  to 
reduce  this  variability. 

In  previous  studies  using  10  Gy  cobalt-60  in  Swiss- 
Webster  mice,  decreases  were  found  in  offensive  be- 
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havior  beginning  on  day  7  postirradiation  and  in  spon¬ 
taneous  locomotor  activity  beginning  on  day  5 
postirradiation  (18,19).  These  animals  did  not  recover 
normal  levels  of  behavior  and  died  in  the  second  week 
postirradiation  (18,19).  In  the  present  study,  which  used 
lower  doses  of  radiation,  no  animals  had  died  by  3 
months  postirradiation  and  a  behavioral  dose-response 
relationship  was  observed.  A  dose  of  3  Gy  had  no  effect 
on  aggressive  behavior,  while  doses  of  5  and  7  Gy  pro¬ 
duced  similar  behavioral  decrements.  It  is  possible  that 
the  physiological  effects  produced  by  each  dose  were 
similar  enough  to  produce  equivalent  behavioral  alter¬ 
ations. 

The  results  of  the  present  study  indicate  a  temporary 
deficit  in  offensive  aggressive  behavior  with  5  and  7  Gy 
of  gamma  radiation  along  with  concomitant  alterations 
in  the  behavior  of  nonirradiated  conspecifics;  the  latter 
may  reflect  the  decline  in  offensive  behaviors  observed 
in  the  irradiated  animals  paired  with  them.  Irradiation 
with  either  high-energy  electrons  or  gamma  photons  has 
been  found  to  decrease  neurotoxin-stimulated  uptake  of 
sodium  into  synaptosomes  in  doses  as  low  as  0.1  Gy 
(27).  Thus,  lower  survivable  doses  may  have  an  impact 
on  central  nervous  system  functioning  that  could  under¬ 
lie  subtle  changes  in  complex  behaviors  (23). 

In  conclusion,  the  results  of  the  present  study  support 
our  earlier  finding  that  radiation  has  a  suppressive  effect 
on  aggressive  behavior,  possibly  as  a  result  of  the  acute 
radiation  syndrome  (18).  Previous  work  has  demon¬ 
strated  that  the  time  course  of  radiation-induced  behav¬ 
ioral  suppression  varies  as  a  function  of  the  behavior 
investigated  (12,15,22).  For  example,  research  from  this 
lab<^rc*.ory  has  indicated  that  radiation-induced  decre¬ 
ments  in  locomotor  activity  precede  deficits  in  aggres¬ 
sive  behavior  (18).  The  ability  to  coordinate  rescue  ef¬ 
forts  following  a  nuclear  accident  or  radiation  exposure 
to  space  crews  is  of  concern  to  both  the  civilian  and 
military  sectors.  Radiation-induced  alterations  in  be¬ 
havior  are  likely  to  interfere  with  the  effective  function¬ 
ing  of  teams  and  crews  and,  thus,  deserve  further  study. 
The  use  of  radioprotectants  to  mitigate  radiation- 
induced  behavioral  deficits  is.  therefore,  currently  un¬ 
der  investigation. 
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MICKLEY.  G  .A  ,  J  L  FERGl'SON,  M  Ml'LVIHILL  AND  T  J  NEMETH.  Progre'<\ne  hehtniaral  chuniies  during;  the 
tnitiuraiiim  nt  ruts  uirit  curls  rutliuriun-wtiuceil  hypoplasia  at  fascia  dcniala  xranulc  cells.  NEUROTOXICOL  TERATOL  lli4i 
I‘)X9  —  Locali/cd  exposure  ('I  the  neonatal  rat  brain  to  X-rays  prrxiuces  neuronal  hypoplasia  specific  to  the  granule  cell  layer 
of  the  hippocampal  dentate  gyrus  This  brain  damage  causes  UK'omotor  hyperactivity,  slowed  acquisition  of  passive  avoidance  tasks 
and  long  bouts  of  spsmtaneous  turning  (without  revcrsalsi  in  a  bowl  apparatus.  Here  we  report  how  these  behavioral  deficits  change 
as  a  function  of  subject  aging  and  behavioral  lest  replications.  Portions  of  the  neonai.al  rat  cerebral  hemispheres  were  X-irradiated  in 
order  to  selectivelx  damage  the  granule  cells  of  the  dentate  gyrus.  The  brains  of  experimental  animals  received  a  fractionated  dose  of 
Xraysd.tGs  total  I  over  postnatal  days  I  to  Iband  control  animals  were  sham-irradiated.  Rats  between  the  ages  of  71 -462  days  were 
tested  .4  separate  times  on  each  of  the  follow  ing  .4  behavioral  tests:  1 1  spontaneous  locomotion.  2)  passive  avoidance  acquisition,  and 
.4 1  spontaneous  circling  in  a  large  plastic  hemisphere  Rats  with  radiation-induced  damage  to  the  fascia  dentata  exhibited  long  bouts 
of  slow  turns  without  reversals.  Once  they  began,  irradiated  subjects  perseverated  in  turning  to  an  extent  significantly  greater  than 
sham-irradiated  control  subjects  This  irradiation  effect  was  significant  during  all  test  series  Moreover,  in  lime,  spontaneous 
pcrscveraiive  turning  was  significaniK  potentiated  in  rats  with  hippiHiampal  damage  but  increased  only  slightly  in  controls  Early 
radiation  exposure  produced  locomotor  hypcraciiviiy  in  young  rats.  While  activity  levels  of  controls  remained  fairly  stable  throughout 
the  course  of  the  experiment,  the  hyperactivity  of  the  irradiated  animals  decreased  significantly  as  they  matured.  The  total  distance 
traveled  by  irradiated  rats  was  significantly  above  sham-irradiated  controls  at  the  beginning  of  the  study  but  was  significantly  lower 
than  controls  at  the  conclusion  Young,  irradiated  rats  learned  a  passive  avoidance  task  more  slowly  than  controls.  They  not  only  tixik 
more  trials  to  meet  criterion  but  their  latency  to  move  into  an  area  in  which  they  had  just  been  shiK'kcd  was  significantly  shorter  than 
sham-irradiated  rats.  Passive  avoidance  learning  improved  in  mature  animals  These  data  suggest  that  radiation-induced  damage  to  the 
fascia  dentata  produces  task-dependent  behavioral  deficits  that  change  as  a  function  of  subject  age  and'or  behavioral  testing 

Ionizing  radiation  Brain  damage  HippiK'ampus  Fascia  dcniala  Aging  Maturation  Behavior 
Spontaneous  locomotion  Rotation  Passive  avoidance  Rats  Longitudinal 


THE  central  nervous  system  (CNSi  is  most  sensitive  to  structural 
damage  from  ionizing  radiation  exposure  during  critical  periods  of 
morphogenesis  that  iKCur  prenatally  and  soon  after  birth.  The 
consequences  of  radiation-induced  malformations  of  the  CNS  are 
manifested  in  the  function  of  the  nervous  sy  stem  and  in  subsequent 
behavioral  aberrations  as  well  [for  reviews  see  i2(i..45i). 

Through  methods  that  utilize  precise  timing  of  brain  irradiation 
coupled  with  selective  shielding  techniques  it  has  been  possible  to 
determine  the  behavioral  changes  associated  with  early  radiation- 
induced  damage  to  particular  btain  nuclei.  Bayer  and  Peters  have 
utilized  these  techniques  to  study  the  behavioral  consequences  of 
radiation-induced  hypoplasia  of  the  granule  cells  in  the  hippocam¬ 


pal  dentate  gyrus  (fascia  dentata l.  Since  lesions  of  the  granule  cells 
effectively  remove  a  major  input  to  the  hippocampus  (through  the 
perforant  path  from  entorhinal  cortex  i  they  often  produce  behav  ¬ 
ioral  consequences  similar  to  total  hippocampectomy  (2..4bi. 
Bayer.  Brunner.  Hine  and  Altman  (6l  described  locomotor  hyper¬ 
activity.  reduced  sfHintaneous  alternation  in  a  T  maze  and  retarded 
acquisition  of  a  passive  avoidance  task  in  rats  w  ith  early  radiation- 
induced  hippocampal  damage.  More  recently,  we  (26i  have 
replicated  and  extended  this  work  by  revealing  that  rats  with 
hy  poplasia  of  the  fascia  dentata  granule  cells  exhibit  persev  erative 
spontaneous  turning,  with  few  reversals,  in  a  bowl-shaped  appa¬ 
ratus.  These  data  illustrate  behavioral  effects  of  early  radiation 
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Age  (days) 

MG  1  Groivth  cil  irradiated  and  sham  irradialed  rats  ihrxujrhoul  the  cnurse  id  this  experiment 
The  weights  presented  here  were  reeorded  when  subjeets  were  being  tested  xn  the  rxtatixii 
measure.  There  are  data  points  per  subjeet  relleeting  eaeh  xt  the  ^  lest  senes.  .See  stalislieal 
exmparisxns  id  irradiated  and  sham-irradiated  rat  weights  in  the  Method  seelixn  xt  the  text. 
■Msx  presented  lor  comparison  are  normative  weights  lor  this  strain  i2l..^-l  Lines  were  lit 
using  the  least  squares  method  (.Wi 


exposure  and  suggesi  a  role  for  hippocampal  granule  cells  in 
wiirking  memorx  i3()i.  response  inhibition  (I.  1.''.  19).  and 
perhaps  spatial  mapping  (29i. 

Most  previous  studies  have  described  behavioral  effects  of 
radiation-induced  damage  to  the  neonatal  dentate  gyrus  by  meas¬ 
uring  performance  deficits  at  a  single  point  in  time.  These  analyses 
are  tvpicalh  done  in  young-adult  subjects  (6,  lb,  .fb.  .<7).  The 
purpose  of  the  present  experiments  was  to  trace  the  consequences 
of  early  brain  damage  longitudinally.  The  same  rat  subjects  were 
assessed  on  a  battery  of  tests  during  .7  separate  periods  in  their 
maturation.  Here  we  report  that  radiation-induced  behavioral 
deficits  are  not  always  stable  throughout  maturation.  Instead,  the 
progress  of  behavioral  decrements  following  damage  to  the  fascia 
dentata  is  task-dependent  and  performance  may  get  progressively 
more,  or  less,  severe  as  the  brain-damaged  animal  matures. 

Ml.  I  MOD 

Siih/fi  Is 

Pregnant  rats  |C'rl  CT)(SDiBR|  obtained  from  Charles  River 
Laboratories.  Kingston.  and  screened  for  ev  idence  of  disease 
were  housed  in  a  facility  accredited  by  the  .•Xmerican  .Association 
for  Accreditation  of  Laboratory  .Animal  Care  i.A.A.AL.ACi.  Tem¬ 
perature  and  relative  humidity  in  the  animal  rooms  were  held  at 
19-21  C  and  .‘sO  rt  lO'r,  respectively,  with  10-  air  changes  hour, 
f  ull-spectrum  lighting  was  cycled  at  12  hour  intervals  (lights  on  at 
ObOOi  with  no  twilight.  The  rats  used  in  these  experiments  came 
from  a  total  of  19  different  litters.  On  the  day  of  birth  (day  I  i  litters 
were  culled  and  only  males  litter  were  reared  together.  Based 
on  a  random  selection  process,  from  I  of  these  rats  in  each  litter 
were  actually  used  in  the  experiments  reported  here.  .All  rats  were 
weaned  at  the  same  time  (between  2.'  28  days  after  birthi  and  then 
individually  housed  in  microisolator.  polycarbonate  cages  on 
hardwood  chip  contact-bedding.  Rats  were  given  ad  lib  Wayne 
Rodent  Blox  and  acidified  water  (HCI.  pH  2  -*'  to  prevent  the 
spread  ist  Fsi  uJomoiuisi  Palatability  studies  indicate  that  animals 
do  not  prefer  lap  water  to  acidified  water  and  that  there  are  no 
deleterious  effects  of  this  water  treatment  over  the  lifetime  of  the 
subject  |for  review,  see  i.^Xij. 


Irradiated  rats  weighed  less  than  sham-irradiated  controls 
throughout  most  of  the  experiment  (see  Fig.  1).  This  weight 
difference  was  noted  before  weaning  on  postnatal  day  21  jirradi- 
ated  =  .^Ll  irO.X  g  (SEM);  sham-irradiated  =  6.7.7 LI  g  (SEM); 
r(.'2)  =  9.08.  /o'().(K)l|  and  persisted  in  71-day-old  adolescents 
(irradiated  =  .7.76.2  i  .7.7  g  (SEMi;  sham-irradiated  =  474.2  ~  8.4  g 
(SEM);  r(46)  =  .7.79.  />s,0.(K)lj  as  well  as  mature  (200-day-old) 
subjects  (irradiated  =  .727.9 -  10.4  g  (SEM);  sham-irradiated  = 
640.8=  11.2  g  tSEMl;  /I.78)  ^  7.76.  /KO.OOIj.  However,  abso¬ 
lute  weights  for  both  irradiated  and  control  rats  were  initially 
higher  than  published  norms  for  this  species  (21.72).  This  may 
be  due  (o  the  fact  that  liners  were  quite  small  after  they  were 
culled  to  contain  only  males.  Rats  raised  in  small  litters  tend 
to  be  significantly  larger  than  are  those  reared  in  standard-si/ed 
litters  (27) 

The  rats  in  the  current  study  were  sacrificed  at  the  end  of  the 
experiment  to  allow  histological  analy  sis  of  the  brain  (see  below  ). 
However,  in  amxher  set  of  animals,  treated  identically,  we  found 
partial  head  irradiation  did  not  signiticantly  alter  the  life  span  of 
the  animals  (median  =  .789  days;  range  =  1 27-769;  N-4()i  as 
compared  to  sham- irradiated  controls  i  median  =  640  dav  s;  ranee  - 
180-782;  N  =  72). 

.See  Table  I  for  the  number  of  subjects  and  their  ages  at  the 
beginning  of  behavioral  testing.  Althougn  their  treatment  was 
otherwise  identical,  some  of  the  rats  in  this  experiment  served  as 
■  sham-surgical"  controls  for  another  study .  In  this  context  1.7  of 
the  sham- irradiated  rats  and  1 1  of  the  irradiated  animals  underwent 
a  surgical  procedure  after  the  first  behavioral  lest  senes  (mean  age 
at  time  of  surgery  -  1 82  =  4  (SE.M)  days|.  The  animals  were 
iniected  with  atropine  sulfate  (0,4  mg  kg.  IP)  and  then  anesihe- 
ti/ed  with  sodium  pentobarbital  1,70  mg'kg.  IP).  I  sing  aseptic 
techniques,  the  scalp  was  opened,  a  hole  was  drilled  on  both  sides 
of  the  cranium  adjacent  to  the  niidime,  and  the  dura  mater  was 
broken  with  a  probe.  Eollovvmg  this  procedure  (he  scalp  was 
sutured  and  subiects  were  placed  back  into  their  home  cages.  Lull 
recovery  was  allowed  since  the  next  behavioral  test  senes  did  not 
commence  until  almost  100  days  after  this  surgery.  Within  each 
statistical  analysis  we  compared  the  data  derived  from  these 
animals  to  the  data  from  rats  not  hav  mg  the  surgery  isec  Statistical 
.Analysis  section)  and  found  them  not  to  differ  significantly 
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Iniidtaliiiii 

Siihioel'  t'niiii  each  litter  were  raiidoml)  assigned  to  either  the 
X-inadialed  or  the  shani-irradialed  (control i  group.  Irradiated  rats 
received  collimated  \-ra\s  (Phillips  Industrial  .700  kvp  X-ra\ 
machine.  Phillips,  Inc..  Mahwah,  \J:  configured  with  I,.')  mm  of 
copper  filtration,  with  a  half-value  laser  of  2.5  mm  copper) 
delivered  dorsallv.  in  the  coronal  plane,  through  a  naaow  slot  in 
a  loose-fitting  whole-bodv  lead  shield.  X-rays  were  confined  to 
that  area  of  the  head  previously  determined  to  contain  the 
hippocampus.  Determinations  of  the  location  of  the  hippocampal 
formation  relative  to  external  landmarks  te  g.,  snout,  eyes,  ears) 
were  made  during  preliminarv  dissections  of  other  neonatal  rats. 
These  evternal  landmarks  were  subsequently  used  to  set  the 
position  of  the  slot  m  the  lead  shield  during  our  irradiation 
procedure.  Tile  measurements  and  anatomical  landmarks  we  used 
for  shield  placement  corresponded  closely  to  those  previously 
reported  by  Bayer  and  Peters  (7|.  The  slot  in  the  shield  was  the 
opening  between  2  movable  lead  strips  (22.S  »  b.S  <  2  cm)  sus- 
peiidevl  |Us)  above  the  heads  of  the  rats  in  the  radiation  exposure- 
array  The  opening  extended  laterally  beyond  the  full  width  of 
each  rat  head  and  varied  between  5  10  mm  in  the  anterior 
posterior  plane  in  order  to  accommodate  Ihe  growth  of  the 
head  hrain  over  the  course  of  the  radiation  treatment  [see  i7i  for  a 
complc'  -  .-xphination  ot  |pk  p.-,.  -i;,,!,  .  .Ji,,  .  '  rats  wer- 

exposed  to  2.0  Gray  (Gy  1  on  postnatal  days  I  and  2  (day  of 
birth  ~  postnatal  day  1 1.  and  to  1  5  Gy  on  postnatal  days  5.  7.  d. 
12.  14.  ,md  lb  for  .1  tolal  partial-head-only  dose  of  1.'  Gy  (I 
Gy  -  |(K)  rads).  Doses  were  determined  by  using  lixradin  0.05  ce 
tissue-equivalent  ion  chambers  with  calibration  traceable  to  the 
National  Institute  of  Standards  anil  Teehnology .  X-rays  were 
delivered  at  a  rate  of  0  40  Gy  minute  (total  irradiation  time  = 
.7.5 -4.0  mini  at  a  depth  of  2  mm  in  tissue.  The  sham-irradiated 
control  rats  were  restrained  for  the  same  time  period  as  the 
irradiated  rats  but  were  not  exposed  to  X-rays. 

The  entire  anterior  poslerior  extent  of  the  hippocampal  forma¬ 
tion  was  irradiated  as  were  brain  areas  dorsal  and  ventral  to  this 
structure  |see  (.71 )  for  a  listing  of  these  other  brain  areas).  Brain 
structures  anterior  and  posterior  to  the  slot  in  the  lead  were 
shielded.  At  Ihe  time  of  our  postnatal  radiation  exposures  Ihe  rat 


hrain  contained  three  remaining  populations  of  dividing  (and 
therefore  radiosensitive)  cells:  neuronal  precursors  of  granule  cells 
in  the  hippocampus,  cerebellum  and  olfactory  bulbs  (5.6).  Two  of 
these  major  neuronal  precursor  populations  im  the  cerebellum  and 
olfactory  bulbsi  were  covered  by  the  radio-opaque  shielding 
I'nshielded  were  the  mitotic  iradiosensitivel  granule  cells  of  the 
dentate  gyrus  and  Ihe  mature  neurons  in  other  brain  structures 
residing  in  the  same  coronal  plane  as  the  hippocampus.  This 
procedure  produces  selective  hypoplasia  of  granule  cells  irr  the 
dentate  gyrus  (7.17)  while  sparing  Ihe  radioresisiani  (11.181 
matur-  neurons  of  other  brain  structures.  The  technique  has 
beei  validated  through  a  variety  of  neuroanalomical  methods  (5. 
17.40). 

Apparatus  and  Prin  edurcs 

Eollow  ing  irradiation,  rats  were  allowed  lo  mature  for  approx¬ 
imately  4  months  (see  Table  1 1  before  behavioral  testing  began.  At 
this  lime,  and  during  2  subsequent  time  periods  (approximately  9 
and  12  months  after  birth l  we  recorded  performance  on  .7  behav¬ 
ioral  measures  (see  below  i.  There  was  no  systematic  order  in  the 
conduct  of  these  behavioral  tests  within  each  test  series. 

Spanlamoiis  mialian.  Rotation  was  measured  in  one  of  two 
opaque,  sound-insulated.  60-cm  diameter  plastic  hemispheres 
(bowls).  Rotation  within  Ihe  hemisphere  was  inev  itable  since  this 
was  the  primary  gross  movement  pemiiiied  by  the  shape  of  the 
apparatus.  Circling  was  measured  through  a  projector-drive  cable 
clipped  to  a  wide  rubber  band  around  the  rat’s  thorax.  Following 
the  design  of  Greensiein  and  Glick  (15),  the  cable  turned  a  slotted 
illuminated  disk  uncovering  one  of  four  phototransistors.  The  time 
and  direction  of  each  quarter  turn  in  each  of  six.  .7()-minute 
sessions  was  recorded  on  a  microcomputer. 

Rats  were  tested  at  approximately  the  same  lime  during  the 
light  portion  of  the  day  for  six  days.  .After  each  rat  w  as  put  into  the 
hemisphere  and  the  cable  clipped  to  its  band  harness,  the  hemi¬ 
sphere’s  sound-attenuating  lid  was  lowered,  leaving  a  0.5-mm 
gap.  Spontaneous  turning  was  recorded  for  0.5  hr.  Bowls  were 
thoroughly  washed  between  runs.  In  order  lo  control  for  an 
apparatus  bias,  daily  runs  were  alternated  between  two  test 
hemispheres. 

Ijocomotor  activity.  Locomotor  behaviors  were  automatically 
recorded  using  Digiscan  .Animal  Acliv  ity  Monitors.  Model  DCM- 
16  (Omnilech  Electronics,  Columbus,  OH  i.  Monitors  consisted  of 
a  square  acrylic  activity  arena  l4()  -  -40  •  ,70  cm)  and  an  array  of 
infrared  horizontal  and  vertical  sensors  1  inch  (2.54  cm)  apart. 
Hori/ontal  and  vertical  sensors  were  positioned  I  ..7  and  I  1.0  cm, 
respectively .  abtwe  the  lloor  of  the  cage.  Data  were  processed  and 
recorded  by  a  Digiscan  .Analyzer  lOmnilech.  Model  IX'Mi  and  an 
IBM-PC’(X’r  computer. 

Measurements  were  made  in  a  Digiscan  activity  monitor  for  at 
li-.-s;  ■■•'I  I -hour  periods  separated  bv  I  week  or  more.  The 
billowing  activity  parameters  were  recorded  during  the  lighted 
portion  of  Ihe  dark-light  cycle;  h  folal  distance  traveled  a 
measure  of  horizontal  locomotion  that  goes  beyond  infrared  beam 
break  counts,  takes  into  account  diagonal  movements,  and  com¬ 
putes  actual  disiance  traversed;  2i  \'ertical  activity;  total  number 
of  beam  mlemiplions  that  occurred  in  the  vertical  sensor  (this 
paramelei  included,  hut  was  not  limited  to  rearing;  high  snilfing 
movements  were  also  recorded  by  vertical-sensor  beam  breaks);  .7| 
Stereotypie  movements  numberof  occurrences  of  quick  (■  I  sect 
repetitive  breaks  of  the  same  horizontal  beam. 

/’itwiic  inou/iUK  Passive  avoidance  was  me.isureil  within  a 
shuttle  box  eomprised  of  (wo  comparlmenis  le.icli  22  •  22  ■  22 
cm)  separated  by  a  black  plastic  guillotine  door,  l.ach  compan- 
ment  was  made  of  black  plastic  except  for  the  top  and  the  front 
walls  which  were  clear.  I  he  goal  compartment  was  identic.il  to  the 


388 


MICKLEY  ET  AL. 


start  box  except  for  a  small  nonoperative  light  on  the  wall  at  the  far 
end  and  a  plastic  food  tray  on  this  wall  2  cm  off  the  lloor.  The 
flixtr  was  made  of  metal  rods  (0.5  cm  diameter,  1.7  cm  apart). 
Leads  from  a  Coulbourn  Instrument's  (Lehigh  Valley,  PA)  con¬ 
stant-current  shiKker  (.Model  El, 3-04)  were  connected  to  the  lloor 
bars  in  the  goal  cotnpartnient  but  not  to  the  bars  in  the  start 
contpartnient. 

Three  to  7  days  before  training,  rats  were  given  daily  rations  of 
5  g  of  Wayne  Rodent  Blox  and  1  -5  g  of  highly  palatable  breakfast 
cereal  (Froot  L(X)ps’'’.  Kellogg  Company.  Battle  Creek.  Ml),  For 
2  to  4  days  before  training,  each  rat  was  allowed  to  fully  explore 
the  shuttle  box  (with  cereal  in  the  food-tray)  for  15  to 45  niinutes. 
Body  weight  on  the  first  day  of  training  averaged  K7S  of  weight 
for  the  week  prior  to  food  reduction.  During  training  (15  trials 
each  day)  the  rat  was  placed  in  the  start  cotnpartnient  with  the 
divider  dtxir  closed.  .After  5  seconds  the  dtxir  was  raised  and  a 
timer  started.  The  trial  ended  either  when  the  rat  grasped  a  Froot 
Ltxip  "  or  in  2  minutes.  Between  training  trials,  the  rat  was 
returned  to  its  home  cage  for  .3(1  seconds.  .Avoidance  testing  was 
started  when  a  rat  both  averaged  less  than  10  sec  per  trial  to  grasp 
the  fixid  during  a  training  session  and.  on  the  first  5  trials  of  the 
following  day.  had  a  median  latency  to  grasp  the  fcxxl  of  10  sec 
or  less. 

Avoidance  training/testing  consisted  of  initiating  a  regular 
training  trial  as  usual.  However,  when  the  rat's  four  feet  were  in 
the  '!oal  box.  the  experimenter  administered  a  0.25  niA  scrambled 
footshock  until  the  rat  retreated  to  the  safe  side.  The  rat  was  then 
returned  to  its  home  cage  for  60  seconds.  This  prixedure  was 
repeated  on  subsequent  trials  except  that  the  tlixir  on  the  f(x>d  side 
of  the  chamber  was  continuously  electrified.  The  critical  latency 
measured  was  the  time  for  each  rat  to  cross  onto  the  shock  grid.  A 
trial  was  terminated  if  the  rat  cither  crossed  onto  the  food/shwk 
side  of  the  chamber  ( registering  a  decrease  in  resistance  across  the 
rods)  or  staved  on  the  safe  side  for  120  seconds.  The  session  (and 
test)  was  ended  when  the  rat  remained  in  the  safe  area  for  120 
seconds  on  three  consecutive  trials  or  after  20  test  trials.  After  each 
session  the  apparatus  was  thoroughly  cleaned  and  paper  under  the 
rod  flixir  was  replaced. 

.Afler  behavioral  testing,  our  rats  were  anesthetized  and  per¬ 
fused  with  heparinized  saline  followed  by  lO'r  buffered  formalin. 
Brains  were  eniK’dded  m  paraffin,  serially  sectioned  (6  p.)  (in 
either  the  coronal  or  sagittal  plane  i  and  then  stained  with  cresyl 
violet  and  luxol  fast  blue  i2.3).  All  brains  received  a  preliminary- 
review  to  confirm  radiation-induced  damage  to  the  dentate  gyrus. 
In  addition,  brains  sliced  in  the  sagittal  section  (irradiated.  N  -  20; 
sham-irradiated.  N-201  were  analyzed  in  more  detail.  .A  single 
section  (approximately  1,9  mm  lateral  to  the  midline)  (.31)  was 
used  for  this  analysis  to  1 )  estimate  the  degree  of  fascia  dentata 
injury  and  2)  survey  the  other  brain  areas  (olfactory  bulb  and 
cerebellum)  that,  although  shielded  from  irradiation,  are  known  to 
contain  granule  cells  mitotic  at  the  time  of  radiation  treatment.  We 
counted  the  total  number  of  granule  cells  that  could  K‘  v  isualized 
in  the  single  section  of  the  dentate  gyrus  used  in  this  analy  sis.  Cell 
counts  were  accomplished  under  2.50  v  total  magnification  by  a 
single  observer.  Nuclear  cell  counts  were  used  in  order  to  avoid 
the  error  caused  by  double  or  triple  nucleoli.  The  size,  cytoplasmic 
staining  and  nuclear  structure  of  granule  cells  usually  makes  them 
distinguishable  from  glial  cells  (.3,33),  However,  the  possibility 
cannot  be  ruled  out  that  some  of  the  astroglial  cells  may  have  also 
been  counted.  The  impact  of  this  possible  error  is  reduced  by  the 
fact  that  the  number  of  glial  cells  in  the  fascia  dentata  is  extremely 


low  (22).  In  addition,  after  neonatal  irradiations  similar  to  those 
described  here.  Bayer  and  .Altman  (4)  reported  that  the  granule  cell 
population  remains  significantly  reduced  into  adulthixid  while  the 
glia  show  an  initial  reduction  in  number  followed  by  a  complete 
regeneration  to  normal  levels  w  ithin  (i()-9()  days  (5).  Thus  our  cell 
counts  in  the  fascia  dentata  of  the  I -year-old  adult  rat  would 
presumably  not  reflect  a  radiation-induced  alteration  in  glial 
population.  Using  an  imaging  system  (Bioquant  System  IV  .  R  and 
.M  Biometrics.  Inc..  Nashville.  TN)  we  also  derived  the  area  of  the 
dentate  gyrus,  computed  the  cellular  density  of  the  structure  and 
the  thickness  of  the  granule  cell  layer.  In  order  to  confirm  that  the 
shielding  of  other  brain  areas  was  sufficient,  we  also  counted 
granule  cells  in  a  (f.004  mm  area  in  the  cerebellum  and  olfactory 
bulb.  Further,  we  evaluated  the  sparing  of  other  more  mature,  and 
therefore  less  radiosensitive,  hippocampal  structures  by  counting 
the  thickness  of  the  C.A  I  py  ramidal  cell  layer  that  w  as  dorsal  to  the 
dentate  and  directly  in  the  path  of  the  X  radiation. 

Using  irradiation  procedures  similar  to  ours,  Bayer  and  Peters 
(7)  have  previously  determined  that  X  irradiation  destroys  approx¬ 
imately  85'7  of  the  granule  cells  in  the  dentate  gyrus  of  the 
hippocampus.  This  procedure  spares  1 1  hippocampal  pyramidal 
cells  and  adjacent  brain  nuclei  (e.g..  caudate)  in  the  path  of  the 
X-rays  and  2)  shielded  neurons  anterior  and  posterior  to  the 
hipp<x;ampu.s  (6,26).  A  foreshortening  of  cranial  bone  growth  (28) 
and  secondary  brain  changes  in  reaction  to  granule  cell  hy  poplasia 
(40— 12)  may  explain  the  slight  shortening  of  hippocampus  (2.6) 
and  other  brain  structures  (26)  that  have  been  previously  reported. 

SlalislU  a  I  A  luilyH's 

The  effects  of  early  radiation  exposure  on  our  behavioral 
parameters  were  evaluated  through  the  use  of  analyses  of  covari¬ 
ance  (ANCOVAs)  with  "subject  age"  as  the  covariate  and  "test 
series"  (initial  test  and  retests  2  and  .3)  as  a  within-subjects 
repeated  measure.  In  one  analysis  of  locomotor  activity  body 
weight  was  used  as  a  covariaie  instead  of  "age."  Initially  ,  these 
analyses  also  included  "surgery"  as  a  factor  in  order  to  determine 
if  the  mild  surgical  treatment  receiv  ed  by  some  of  the  subjects  (see 
the  Mcthtxl  section)  significantly  intluenced  the  behavioral  mea¬ 
sures.  Since  no  effect  of  surgery  was  revealed  by  these  analyses, 
this  factor  was  dropped  in  subsequent  treatments  of  the  data  and 
the  surgical  groups  were  combined.  Our  analy  ses  were  ctmducted 
using  the  logarithms  of  the  data  in  order  to  meet  the  ANCOV.A 
assumptions  of  hornivgeneity  of  variance  and  normality  of  distri¬ 
bution  (.39). 

In  the  analyses  of  the  rotation  data,  the  mean  turning  bout 
length  for  each  of  the  6  daily  test  sessions  was  computed  by 
dividing  the  total  quarter  turns  in  the  dominant  direction  by  the 
number  of  bouts  of  quarter  turns  (without  reversal  of  direction)  in 
that  session.  .Statistical  comparisons  were  computed  using  each 
rat's  average  bout  length  score.  This  was  the  mean  of  the  daily 
bout  lengths  for  the  6  sessions  in  the  test  series. 

RI.Sl  1  IS 

In  general,  the  data  reveal  that  early  radiation-induced  granule 
cell  hypoplasia  of  the  fascia  dentata  causes  1 1  perseverative 
turning  in  a  bowl  apparatus  (long  turning  bouts  in  the  same 
direction,  without  reversals).  2)  locomotor  hyperactivity,  and  .3| 
deficits  in  the  acquisition  of  a  passive  avoidance  task.  These 
behavioral  changes  were  identified  in  young  rats  during  the  first 
performance  tests  but  changed  over  time.  Radiation-induced 
perseverative  turning  became  more  inlense  through  the  course  of 
the  experiment  while  passive  avoidance  acquisition  improved. 


PROGRESSIVE  BEHAVIORAL  CHANGES 
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TABLE  2 

HlSTOl.OtiK  AL  DATA  DI:RIVUD  1  ROM  ANALYSIS  OL  SAtillTAI. 
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ol 
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(N-yo) 

(N-2()) 
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|T7.7 

1771. ,‘i  (iH).7) 

lor; 
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()..s  lO.oyi' 

2.2  lO.l.S) 
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.744. 1  i;x.()>- 
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Granule  Cells  (sq  mm] 
Thicknessv  ot  Dentate 

.7.4  ((>.2i' 

4.7  0)  4) 
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Granule  Cell  Laser 

Thickness^'  ot  CAi 

2.6  (0.1 ) 

2.7  (Oil 

Pyramidal  Cell  Layer 

•Sipnillcantl}  dillcronl  i/  leslM  from  shjm-jrradialciJ.  />•  (I  (HU.  Num¬ 
bers  arc  means  and  lin  parcnthesesi  SEMs. 
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Spontaneous  locomotor  hyperactivity  was  progressively  reduced 
as  subjects  matured. 

Hisloloi;} 

Exposure  of  a  portion  of  the  neonatal  cerebral  hemispheres  to 
early .  fractionated  doses  of  ionising  radiation  produced  a  selective 
reduction  of  granule  cells  <if  the  hipp(x.'ampal  dentate  gyrus  while 
sparing  other  brain  areas.  Specifically,  exposure  of  the  neonatal  rat 
hippocampus  to  ionizing  radiation  produced  a  significant,  /(28t  = 
17. .S.  /)<0,(l()l,  depletion  of  dentate  granule  cells  (see  Table  2). 
Similarly,  both  the  areas  and  the  granule  cell  densities  of  the 
irradiated  dentate  gyri  were  significantly  reduced  compared  to 
those  of  the  control  rats.  h28i  =  11.4.  p<0.(K)l .  and,  /(28)  =  6..7. 
p<0.0fll.  respectively  .  The  speciftcity  of  this  damage  is  illus¬ 
trated  by  the  sparing  of  the  pyramidal  CAl  neurons  that  were 


directly  in  the  path  of  the  X-rays.  Irradiation  produced  no 
significant  change  in  the  thickness  of  the  CAl  pyramidal  cell 
layer,  yet  Ihe  thickness  of  the  dentate  granule  cell  layer  was 
significantly  reduced.  f(28i=  l.‘i.4.  /)■;(). (Mil . 

The  granule  cell  populations  (i.e..  number  of  cells/unit  area)  of 
the  olfactory  bulb  and  the  cerebellum  were  not  significantly  altered 
by  the  irradiation.  Correlations  were  not  statistically  significant 
between  granule  cell  densities  in  the  dentate  gyrus  and  those  in  the 
cerebellum  or  olfactory  bulb.  However,  the  granule  cell  densities 
of  the  cerebellum  and  olfactory  bulb  (both  shielded  from  radiation 
exposure)  were  significantly  correlated.  r(l8»=..‘'X,  /j^O.OI. 
These  data  suggest  that  the  shielding  of  the  olfactory  bulb  and 
cerebellum  during  the  irradiation  treatment  was  effective. 

We  also  calculated  correlations  between  anatomical  data  and 
the  results  of  the  behavioral  tests  of  the  third  test  series  (i  .e  .,  those 
conducted  just  before  the  animal  was  sacrificed).  Statistically 
significant  negative  correlations  existed  between,  for  example,  the 
number  of  cells  in  the  irradiated  dentate  gyms  and  the  length  of  the 
turning  bout  in  the  bowl  apparatus.  r(l8l=~0.48.  /xO.fl.X. 
Similarly  ,  the  area  of  the  dentate  gyms  of  irradiated  rats  was 
negatively  correlated  with  horizontal  activity  counts.  r(18l  = 
-(>.44,  /xO.O.X.  and  measui.-.  of  locomotor  stereotypy.  r(28)  = 
-().. 79, /)-:(). O.S,  These  data  suggest  that  radiation-induced  damage 
to  the  granule  cells  of  the  dentate  gyms  predict  locomotor 
hyperactivity  and  perseveraiive  turning  in  a  plastic  hemisphere. 
We  did  not  find  similar  correlations  between  our  behavioral 
parameters  and  anatomical  measures  derived  from  the  cerebellum 
or  olfactory  bulb. 

Sp(mtuiie<H4s  Roialioii 

Radiation-induced  hippocampal  damage  caused  rats  to  make 
long  bouts  of  turns  in  a  plastic  hemisphere  without  reversal  of 
direction  (see  Fig.  2).  Once  they  began  mov  ing  in  either  direction, 
irradiated  rats  perseverated  in  that  turning  to  an  extent  significantly 
greater  than  the  sham-irradiated  subjects,  F(  1  ,.79)  =  1 7.09. 
/><().()()  I, 

The  ANCOVA  also  revealed  that  there  was  a  statistically 
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FIG  2.  Mc;in  turning  bout  lengths  (without  reversals)  in  the  ilonnnant  direction  ol 
moNcment  for  irradiated  and  shanMrradiaied  rats  during  each  ot  3  K*ha\n>ra)  tests 
Irradiated  rats  wnh  lasoa  denlata  damage  show  perse\erati\c  spon'.aneous  turning  that 
becomes  progressiveh  worse  thnuighout  the  course  of  the  experiment  Lines  are  tit  using 
the  leas!  squares  metht>d  (.V>i.  Vertical  bars  represent  the  SFMs  ‘Dilterent  Irom 
sham-irradiated  ctmlrols />•  0  05 
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riCl  3.  Mc.m  mnnhcr  cit  inaK  in  achieve  crilerii'ii  I'.laune  in  the  vale  area  Ini  ai  leavi 
120  vecniulvi  nn  the  pawise  avniiianee  lavk  durine  each  nl  the  3  behavinral  test  veitev 
Irradiated  ratv  with  lavcia  dentala  daiiiaee  take  Iniiiier  tn  leant  lltiv  tavk  than  dn 
vham-irradiated  cnntrnK  lanes  are  lit  tisine  the  least  squares  inelhnd  i3‘ti  k'enical  hats 
represent  the  SltMs  'Dillerenl  Irnm  shaiii-iriadiaied  cnntrnis  /i-  o  05 


significant  intcracluin  between  the  effect  of  the  radiation  treatment 
and  the  test  series.  r-(2.7di  -4.17.  /i  =  ().0l.  These  data  suggest 
that,  during  the  course  of  the  experiment,  perseveratixe  turning 
became  progressixelv  more  pronounced  in  irradiated  animals  than 
It  did  in  controls.  r-Tests  comparing  irradiated  and  sham-irradiated 
subjects  at  each  test  senes  confirmed  this  finding  (Test  series  1. 
h7yi  =  :.W./)-.  0.01;  Test  series  2:  /(■'di=  -  .3.7;./)-  0.001;  Test 
series  .3;  n7di  =  -  7.02.  />•■  0.001 1. 

The  total  number  of  quarter  turns  is  a  reflection  of  spontaneous 
actixity  that  Umk  place  in  the  boxxl  apparatus,  Ihere  xxas  no 
difference  betxxeen  the  total  quarter  turns  exhibited  bx  irradiaietl 
and  sham- irradiated  rats.  Hoxxexer.  the  .XNCON'.-X  did  rexeal  a 
signilicant  decrease  in  this  actixiix  parameter  as  subjects  matured 
leffect  of  the  coxariate  of  "age'':  (i  1 .7qi  -  0.x)4.  /i  =  0  (11 1.  It  is 
of  interest  that,  in  mature  adult  animals  that  moxe  less  in  the  boxxl 
apparatus,  persexeralixe  spontaneous  turning  becomes  most  prom¬ 
inent.  These  data  suggest  that  increases  m  sponianettus  persexer- 
atixe  turning  in  older  subjects  is  not  merely  an  outcome  ot 
enhanced  frequency  of  turns. 

Eassiw  .Avonhiiii  i' 

Rats  xxith  radiation-induced  damage  to  the  fascia  dentala  look 
more  trials  to  learn  the  passive  axoidance  task,  i.e..  to  meet  a 
criterion  of  staying  on  the  safe  side  lor  I  20  seconds,  ft  I  .3Xi  -  4.4, 
/>  =  0.04  Irradiated  rats  itHtk  an  average  of  b.X  l  *^0.7.  STM  i  trials 
loxer  all  test  series i  to  meet  this  criterion  xxhile  sham-irradialed 
rats  learned  the  task  in  only  4.4  t  •^0.3.  SiiM)  Iritils.  .-Xlihough  the 
ANCOVA  revealed  no  effect  of  age.  Ihere  was  a  tendency  for  the 
data  I  mean  trials  to  criterion  i  of  the  irradiated  and  sham-irradiated 
subjects  to  converge  during  the  final  test  series  (see  Tig.  .3), 
During  the  first  2  behavioral  tests  irradiated  rats  tiKik  more  Inals 
than  did  the  sham-irradialed  rats  to  meet  the  performance  criterion 
(Test  series  I:  t(.3M)=  I, HO.  />  O.O.S;  Test  series  2  n. 3^0  2.72. 
/>'  0.01 1.  During  the  final  test  si-ries  impaired  reacquisiiion  of  the 
passive  avoidance  task  was  not  observed  in  the  rats  with  granule 
cell  hypoplasia. 

Irradiated  rats  also  spent  less  time  on  the  safe  side  of  the 
pa.ssive  avoidance  chamber  during  the  second  trial  I  the  one 
immediately  following  the  first  foot  shock i  on  the  test  day. 


Ti  I  ..3Si  =  .5..3.  j)-0.0.3.  Oxer  all  the  lest  senes,  rats  with  radia¬ 
tion-induced  hippocampal  damage  had  an  average  latency  It'  move 
onto  the  shock  grid  of  only  10. H  seconds  i  -  2,'.  ST.Mi  while 
sham-irradialed  rats  wailed  iwer  iw  ice  as  long  1 24, x)  -  4, .5.  STiM  i. 
.•\ccording  to  the  ,A.\('()\  ,A.  these  dillerences  beiween  irrailialed 
and  sham-irradiated  r.ils  did  not  change  significantly  with  animal 
age.  .As  Tig.  4  illiisiraies.  however,  the  dilterence  between  the 
latencies  of  irradiated  and  sham-irradialed  rats  is  most  dramatic 
during  the  first  2  behavioral  tests  |Tesi  senes  T  /i .3x) i  -  I  .‘t I . 
/)•  D.O.'s;  Test  series  2:  n.3‘0-2..34.  />■  ll.OI;  lest  senes  3  mq  q 
significant  difference  beiween  groups] 

Learning  ilelicils  in  irradiated  rats  with  tascia  dentala  damage 
seem  to  be’  specific  to  p.issixe  axoidance  .icquisiiion.  These 
animals  reavlily  learned  to  run  to  the  avijaceni  compartment  lot 
food  reward  during  the  initial  stages  ol  training  t  iinhei.  long¬ 
term  retention  ol  the  learned  response  of  running  loi  food  reward 
was  illustrated  by  the  lewer  and  fewer  training  trials  requirevl  by 
the  irradiated  animals  during  the  second  aiul  ihirvl  behavimal  lest 
senes.  Thus,  irradiated  ami  shain-irradMleil  rats  were  similar  m 
their  learning  and  retention  ol  this  skill  ol  shuttling  tiom  one 
compartment  ol  the  box  to  another 

S/ll  >;ir(/ii< ■< >»  V  ! .nn  mu  >111111 

Tovoniotoi  actix  ity  parameters  pnulucevl  by  rmliation-imluced 
hip|xocampal  damage  were  evident  .it  the  time  ol  ihe  fust  pertor- 
mance  tests  but  changed  significantly  oxer  time  Alter  .ivliiisting 
for  lest  series  u,  the  -WtOS  A.  subject  age  seemed  to  aflect  all 
locomotor  parameters  measured  vertical  .iclix  iiy  .  Til.77i  (i  2b. 
/>  O.Ol.'S.  stereotypy,  Til.77i  14. H4,  />  II  (MKl2;  ,iiul  loi.il  dis¬ 
tance  traveled.  Ti  1 .77 1  2II..3H.  /i-  II  IK  HI  1  ('h.inges  in  spoilt. me - 

oils  locomotion  were  most  ex  ideni  m  aging  subiecis  w  itli  r.idiation 
induced  brain  damage  while  remaining  l.iirly  st.ible  over  time  in 
sham-irradialed  control  ralsisee  Tig  -S|  Kadialion  induced  changes 
in  locomotion  were  de[K'ndenl  on  the  lest  replic.ilion  wnhin  which 
these  measures  were  recorded  |r.idialion  ire.ilmeni  •  lest  senes 
interactions  Tsi2.77|  -3.b  lll.ll'l.  /is  0  I|32  0  (HKH  |  Subse¬ 
quent  f-tests  revealed  that  measures  ol  stereotypy  and  total 
distance  traveled  were  initially  higher  in  irradiated  rats  with 
hipfUKanipal  damage  than  m  sham  irraih.iled  animals  |siereotypy 


PROGRESSIVE  BEHAVIORAL  CHANGES 


391 


Mean  Time 
in  Safe 
Area 

(seconds) 


Mean  Age  at  Test  (days) 


FIG.  4.  Mean  time  (seconds!  spent  in  the  safe  compartment  of  the  passive  avoidance- 
apparatus  on  test  trial  2  (following  the  initial  shock  in  the  adjacent  compartmenti 
Latencies  are  illustrated  for  each  of  the  3  test  series.  Irradiated  rats  with  fascia  dentata 
damage  more  quickly  re-enter  the  chamber  in  which  they  have  just  been  shircked  than  do 
sham-irradiated  controls.  Lines  are  fit  using  the  least  squares  methixl  (39|.  Vertical  bars 
represent  the  SEMs.  ‘Different  from  sham-irradiated  controls  p<;0.05. 


/(77)=  -3.87./)<O.OOHoial  distance:  f(77)=  -3.4l,/j<0.0ll. 
This  hyperactivity  diminished  and.  in  some  ea.se.s  (e.g..  total 
distance  traveled)  became  depressed  during  subsequent  testing 
ITest  series  3:  /(77)  =  2.%.  /><0.0l|.  Similarly,  vertical  activity, 
which  was  initially  as  prevalent  in  irradiated  as  in  control  animals, 
was  later  significantly  reduced  in  irradiated  subjects  (Test  series  2: 
f(77)  =  2.9l.  p<0.fll;  Test  series  3:  t(77i  =  4..'i().  p<0.00li. 

Throughout  most  of  this  experiment,  weight  gains  were  ob¬ 
served  both  in  control  animals  and  (to  a  lesser  extent)  in  irradiated 
subjects  (see  Fig.  I  and  "Subject"  data  in  the  Method  section). 
ANCOVAs  used  to  determine  the  contribution  of  weight  to  the 


decline  of  stereotypy  and  vertical  activity  revealed  that  body 
weight  was  not  a  significant  covariate.  However,  weight  was  a 
significant  covariate  within  an  analysis  of  total  distance  traveled. 
F(l.77)  =  6.83.  p  =  O.OI.  Although  enhanced  weight  may  be 
thought  to  explain  the  reductions  of  spontaneous  locomotion 
reported  here,  the  variability  of  the  effect  of  body  weight  on  these 
locomotor  parameters  suggests  that  weight  may  actually  play  a 
more  limited  role  in  producing  these  behavioral  declines.  In  this 
study,  age  seems  to  be  a  more  consistent  covariate  of  locomotor 
decline  than  is  weight  (see  above).  Further,  the  fact  that  locomo¬ 
tion  is  reduced  in  predominantly  the  irradiated  rats,  (subjects  that 
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IIG  S  Spiinlanciius  lucumotion  of  irradiated  rats  with  lawia  denlata  damage  and  (heir 
sham  irradiated  vonlrols  during  3  separate  hehasioral  lest  series  Means  lor  each  of  (he  follow  ing 
measures  are  illustrated  lAi  Total  dismnce  traveled.  (Hi  .Stereotypy,  and  (C  i  Vertical  aclivily 
(see  text  for  definitions  of  these  parameters!.  Lines  are  lit  using  the  least  squares  melhiHl  |39| 
Vertical  bars  represent  the  SEMs  ■Different  from  sham-iiradialcd  controls  />•  (I  (I? 
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v^cigh  lc^^  than  shani-irrailiatcd  aniniaKi  ''Uggcsl'-  that  weight  ma\ 
nut  be  a  vignilieani  predietor  i>t  loeomotor  hvpoaetivitx  in  the 
mature  adult  rats  of  this  studs. 

l)ts(  t  sstcis 

The  data  reported  here  suggest  that  hehas  ioral  deerements 
following  radiatit'ii-indueed  damage  to  the  neonatal  faseia  dentata 
are  task-speeifie  and  dsnamie.  Behasioral  defieits  mas  become 
more  sesere  le.g..  spontaneous  perseseratise  turning  without 
resersalsi  or  less  sesere  le  g.,  spontaneous  loeomotor  actisits  i  as 
the  brain-damaged  rat  is  retested  during  maturation.  The  progres- 
sise  and  task-dependant  nature  of  these  behasioral  alterations 
highlights  the  need  for  multiple  behas  loral  assessments  throughout 
the  deselopment  of  the  subject  in  order  to  fulls  characteri/e  certain 
neurotoxic  effects. 

The  results  of  the  studies  reported  here  are.  in  mans  ssass. 
similar  ti'  thi'se  published  bs  Brunner  and  collaborators  id.Kli. 
Despite  the  use  of  different  experimental  designs,  behasioral 
techniques  and  apparatus,  both  of  our  laboratories  describe  a 
decline  in  spontaneous  locomotion  in  maturing  rats  ssith  radiation- 
induced  damage  to  the  hippocampal  granule  cells  This  effect  was 
marked  compared  t(i  the  relalisels  stable  actisits  of  sham -irradi¬ 
ated  rats. 

Brunner  i  IOi  also  reported  either  1 1  "persistent"  deficits  in  the 
spontaneous  alternation  liii  a  T  iiia/ei  of  b  nionth-old  rats  that 
were  irradiated  as  neonates,  or  2i  a  continuing  "deterioration"  in 
the  spontaneous  alternation  of  slightls  older  irradiated  subjects 
(6-S  monthsi  idi.  In  an  important  was  the  bowl  apparatus,  in 
which  our  rats  spontaneousls  turned,  is  like  a  T  ma/e.  In  the  T 
ma/e  there  is  one  choice  point,  while  the  bowl  gises  a  circular 
continuum  of  choice  points.  In  a  T  ma/e  a  spontaneousls  alter¬ 
nating  rat  reserses  direciion  on  each  discrete  trial.  In  the  bowl 
there  is  no  discrete  choice  point.  When  a  rat  has  made  a  full  circle 
in  the  plastic  hemisphere  it  begins  to  retrace  the  path  most  recentls 
trasersed.  This  presents  an  opportumts  to  either  continue  or 
reserse  direction.  The  mean  turning  bout  length  is  essentialls  a 
measure  of  alternation  frequencs  corrected  lor  the  total  number  of 
quarter  turns  made.  Therefore  mean  bout  length  mas  be  ct'iisid- 
ered  a  continuous  tnondiscrele-tnal  i  measure  of  spontaneous 
alternation.  During  the  first  behas niral  test  senes  sham-irradiated 
rats  tended  to  stop  and  reserse  direction  after  making  almost  a  full 
circle  (mean  of  quarter  turns i  while  rats  with  damage  to 
hippocampal  dentate  granule  cells  continued  besond  this  point  (to 
a  mean  of  quarter  ti'Tisi  before  resersing  direction.  Our  mature 
rats  were  ion  aseragei  4  months  older  than  Brunner  and  .-Mtiiian's 
id  I  oldest  subject  and  therefore  a  further  "deterioration"  of 
spontaneous  alternation  might  be  expected.  Indeed,  our  mature 
adult  animals  showed  a  clear  lengthening  of  their  mean  circling 
bout  and  made  oser  10  quarter  turns  before  alternating  their 
direction  of  mosement.  When  these  data  are  taken  in  c<>nJunction 
with  those  of  Brunner  i  lOi  (who  used  a  design  that  did  not  call  for 
repetitise  testingi  we  mas  conclude  that  maturation  plass  a 
dominant  role  in  producing  enhanced  perseseratise  responding  in 
mature  rats  with  fascia  dentata  damage. 

Because  our  rats  were  irradiated  sham-irradialed  as  neonates 
and  then  tested  times  on  different  behasioral  measures,  ihes 
receised  a  significant  amount  of  handling.  In  fact,  the  subjecls 
quickis  became  quite  tame  and  remained  so  throughout  the 
experiment.  Others  base  reported  that  neonatal  handling  i-an 
prevent  behasioral  deficits  and  hipptKampal  damage  normalls 
seen  in  aged  animals  (2.^1.  Further.  TiKon  and  collaborators  (.^4i 
suggest  that  handling  can  eliminate  the  rat  hspermobilits  normalls 
observed  after  colchicine-induced  damage  to  the  adult  dentate 
gyrus.  These  behavioral  effects  of  handling  were  observed  in  spite 


ol  significant  decreases  in  both  granule  cell  number  and  solume  of 
hippocampal  mossy  fibers.  Here  we  report  that  1 1  the  initial 
horizontal  locomotor  hs  peractis  its  of  our  mature  irradiated  han¬ 
dled  rats  decreased  to  a  level  similar  to.  or  below,  that  ot  the 
controls  (also  handledi.  and  2i  handled  animals  with  neoiiatalls 
damaged  hippocampi  exhibited  several  behas  ioral  deficits  some  ot 
which  (e.g..  perseseratise  tumingi  become  potentiated  in  the 
mature  adult.  These  data  mas  suggest  some  task-specilic  relation¬ 
ship  between  handling,  earls  hippocampal  damage  and  iiiatura- 
tional  effects  that  requires  further  studs . 

fhe  neuronal  substrate  of  the  progressive  behavioral  changes 
that  we  report  remains  obscure.  The  mean  percent  reduction  in  (tie 
number  of  hippocampal  granule  cells  in  our  rats  (as  compared  to 
ct'ntrolsi  was  dO'i  when  the  suhiecls  were  sacrificed  at  over  I  sear 
ol  age.  This  damage  was  roughly  comparable  to  the  radiation- 
induced  hypoplasia  previously  reported  m  rats  .^(l-12.x  dass  old 
(6.!4i.  Thus  the  percentage  ot  cells  remaining  in  the  damaged 
ilentate  gsriis  alter  radiation  exposure  is  quite  stable  over  time  and 
docs  not  change  in  ss  nchrons  w  ith  our  behas  u'ral  alterations.  W  e 
know,  however,  that  the  total  number  of  granule  cells  in  the  rat 
dentate  gsrus  is  not  static  even  in  the  adult.  Baser  iSi  has  reported 
a  .'.S— 4.'''(  linear  increase  in  the  number  ol  dentate  granule  cells 
between  I  month  and  1  sear.  Others  have  observed  sjgniticant 
changes  in  the  mature  hippocampus  that  they  attribute  to  the 
deselopment  of  axons  and  dendrites  (I2i  or  astro  glia  i24i  rather 
than  perikarsa.  Perhaps  most  relevant  ti'  the  present  study  arc  the 
findings  of  Zimmer  and  his  colleagues  i4ii^;i  who  have  shown 
that  the  brain  may  compensate  for  earls  radiation-induced  damage 
1(1  the  hippocampal  granule  cells  by  stiniulatiiig  dendritic  growth. 
Their  results  demonstrate  that  a  reductum  of  a  spt’cific  neuronal 
population  can  induce:  1 1  a  ct'iiipensalory  increase  m  the  neuropil 
layers  containing  the  dendrites  of  the  remaining  neurons.  2i  a 
C(>rresponding  relative  increase  in  their  axonal  projections,  and  .^i 
a  shift  and  expansion  of  afferent  projections  ti'  an  adjacent 
neuronal  population.  Thus,  altin'ugh  our  hippocampal  radiatii'ii 
produces  damage  specific  to  the  granule  cells,  subsequent  brain 
changes,  m  reaction  to  this  initial  damage,  may  produce  more 
pervasive  changes  in  neuroanatomy .  These,  or  other  changes  in 
neuroanaloniy  neurophysiology  may  contribute  to  the  progressive 
behavioral  changes  that  we  observed  in  mature  adult  rats  that  were 
partially  hi'ad  irradiated  as  neonates 

Our  longitudinal  experiments  have  followed  changes  in  the 
behavioral  responses  of  rats  with  early  radiation-induced  hypopla¬ 
sia  of  the  dentate  gyrus  granule  cells  Behas  lors  obsers  ed  a  year  or 
more  after  the  early  brain  damage  are.  in  many  ways.  Jitiereiit 
from  the  acute  bs  has  ioral  response.  These  progressive  behavioral 
changes  max  be  mediated  by  normal  developmental  processes,  the 
brain's  natural  compensatory  reactions  to  early  damage,  experi¬ 
mental  variables  le.g,.  handlingi  or  other  mechanisms  that  have 
yet  to  be  fully  elucidated. 
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stomach  Nodules  in  Pigeons 

By 

James  B.  Mold,  DVM,  PhD,  Robert  H.  Weichbrod,  BS,  LATG,  and  Cathie  E.  Alderks,  PhD 


SIXTY  MADE  WHITE  Cameau  pi¬ 
geons,  6  to  12  months  old, 
were  procured  from  a  repu 
table  supplier  for  subsequent  use  in 
behavioral  studies.  Upon  receipt,  the 
pigeons  were  housed  individually  in 
stainless  steel  cages  and  acclimated  to 
the  animal  room  environment  for  a 
period  of  3  weeks.  During  this  time 
the  pigeons  were  provided  grit, 
mixed  grains,  and  water  ad  libitum. 


Dr  Nold  Is  Chief  of  the  Pathology  Divi 
sion.  Mr  Weichbrod  is  Chief  of  the 
Animal  Husbandry  Diuision.  and  Dr 
Alderks  is  an  experimental  behavior 
ist.  all  at  the  Armed  Forces  Radiobio 
/ogy  Research  Institute.  Bethesda. 
MD  20814-5145.  Reprint  requests 
should  be  sent  directly  to  Mr  Welch- 
brod 
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fense  Nuclear  Agency.  Views  pre 
sented  in  this  paper  are  those  of  the 
authors:  no  endorsement  by  the  De 
fense  Nuclear  Agency  has  been  given 
or  should  be  inferred  Research  was 
conducted  according  to  the  principles 
enunciated  in  the  ‘Guide  for  the  Care 
and  Use  of  Laboratory  Animals  '  pre 
pared  by  the  Institute  of  Laboratory 
Animal  Resources.  National  Research 
Council 


The  animal  room  was  monitored  at 
least  twice  daily  and  kept  at  70°±2°  F 
temperature  and  50%±5%  humidity. 
There  were  between  10  and  15  com¬ 
plete  room  air  changes  per  hour.  Fol¬ 
lowing  the  acclimation  period,  the  pi¬ 
geons  were  maintained  at  specified 
weights  (70%,  80%,  or  100%  of  free- 
feeding  weight)  through  individual¬ 
ized  feeding  of  mixed  grain.  Water 
and  grit  were  continued  ad  libitum. 
The  animals  were  then  started  on  be¬ 
havioral  training  protocols. 

Clinically  and  behaviorally  the  pi¬ 
geon  colony  remained  healthy.  Pi¬ 
geons  were  periodically  submitted  to 
necropsy  according  to  protocol  or  at 
the  termination  of  experiments.  Most 
observed  lesions  were  attributable  to 
specific  experimental  manipulation. 
However,  about  30  to  35%  of  all  the 
pigeons  (both  control  and  treated), 
demonstrated  a  similar,  distinctive 
gross  necropsy  finding;  The  serosal 
surface  of  the  proventriculus  con¬ 
tained  multiple  slightly  raised  black 
nodules  of  1  to  2  mm  in  diameter  (see 
Figure  1)  The  degree  of  involvement 
ranged  from  a  half  dozen  nodules  to 
total  coverage  of  the  organ.  The  mu 
cosal  surface  was  thickened  and  con¬ 
tained  multiple  .5  mm  craterform 
structures  with  central  open  pores 
On  cut  section  the  mucosa  contained 


Figure  1.  Proventriculus,  gizzard,  and  duode¬ 
num  showing  multiple  1  to  2  mm  dark  nodules 
in  the  wall  of  the  proventriculus 


Figure  2.  Proventriculus  showing  craterform 
thickening  of  the  mucosa  and  cross  sections 
of  black  nodules  in  the  wall 


multiple  round  to  oval  cystic  spaces 
filled  with  a  black  granular  material, 
which,  if  squeezed,  popped  out,  leav¬ 
ing  a  clear,  mucus-filled  space  (see 
Figure  2).  Tissue  samples  were  taken 
for  histology. 

What's  your  diagnosis-^  How  com¬ 
mon  is  this  problem?  Why  are  there 
no  clinical  symptoms?  Can  it  be 
treated? 
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WHATS  YCXjn  DIAGNOSIS'? 


DIAGNOSIS:  Tetrameriasis 


The  black  to  dark  red  nodules 
embedded  in  the  mucosa  of  the 
proventriculus  were  gravid  female  ne¬ 
matode  parasites.  Tetrameres  sp.  The 
histologic  cross  sections  of  the  pro¬ 
ventriculus  demonstrated  multiple  di¬ 
lated  gastric  glands  containing  large, 
globular  parasites  (see  Figure  3).  One 
gravid  female  usually  occupied  each 
gland  unless  a  much  smaller  male 
parasite  was  also  present  (see  Figures 
3  and  4).  The  female  parasite  is  com¬ 
posed  predominantly  of  uteri  contain¬ 
ing  numerous  thick-shelled  embryon 
ated  and  unembryonated  eggs  and  an 
intestinal  tract  lined  by  uninucleated, 
cuboidal,  epithelial  cells  with  micro¬ 
villi.  Tetrameres  sp.  have  a  thick  cuti¬ 
cle  with  bilateral  alae,  often  promi¬ 
nent  lateral  cords,  and  coelomyarian- 
polymyarian  musculature  (1).  (Body 
wall  structure  of  the  parasite  is  more 
easily  characterized  in  the  male  than 
in  the  expanded  gravid  female.) 

Histopathological  changes  in  the 
mucosa  were  mild.  They  included 
compression  and  flattening  of  the  se¬ 
cretory  epithelium  in  affected  glands 
and  a  multifocal,  mild,  interstitial  infil¬ 
trate  of  lymphocytes  and  plasma 
cells.  Preexisting  lymphoid  nodules 
within  the  mucosa  often  appeared  en 
larged  with  increased  numbers  of  sur 
rounding  plasma  cells.  Although  the 
affected  pigeons  in  this  report  were 


Figure  3.  Cross  section  of  two  nodules,  show¬ 
ing  egg-filled  globular  female  Tetrameres 
within  dilated  gastric  glands.  Arrow  points  to 
male  parasite.  Photo  key — M:  mucosal  sur¬ 
face.  S:  serosal  surface.  I:  intestines.  E:  eggs  in 
various  stages  of  maturation  within  convo¬ 
luted  uteri  (32X  original  magnification). 


Figure  4.  Higher  magnification  of  Figure  3. 
showing  small  male  tetrameres  adjacent  to 
portion  of  gravid  female.  Note  distinct  lateral 
alae  and  thick  cuticle  of  male  (solid  arrow)  and 
lymphocytic  infiltrates  in  lamina  propria  ol  pro- 
ventricular  mucosa  (open  arrow)  Photo 
key — M:  mucosal  glands.  L:  lateral  cord  in  gra¬ 
vid  female.  E  eggs  in  various  stages  of  matu¬ 
ration  within  convoluted  uteri  (175X  original 
magnification) 


asymptomatic,  previous  reports  of  te 
trameriasis  in  pigeons  have  described 
clinical  illness  in  some  birds  (2  4)  Af 
fected  birds  may  show  weight  loss, 
anemia,  and  generalized  weakness, 
especially  after  flight  Some  birds 
may  also  develop  diarrhea.  Oral  treat 
ment  with  levamisole  at  33  mg/kg 
has  been  the  recommended  method 
for  controlling  the  infestation  (2) 
Tetrameres  sp.  are  spirurid  nema 
todes  in  the  order  Spiruridae  and  su 
border  Spirurina.  Tetrameres  amen 


cana  and  T.  columbicola  are  the 
species  most  described  in  pigeons 
(2-4).  These  spirurids  have  an  indirect 
life  cycle  and  require  an  intermediate 
host  (5),  such  as  grasshoppers,  sow- 
bugs,  cockroaches,  pillbugs,  and 
earthworms.  Thus,  control  of  these 
vectors  may  help  reduce  the  inci¬ 
dence  of  infestation.  ■ 
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An  Assessment  of  the  Behavioral  Toxicity  of  High-Energy  Iron 
Particles  Compared  to  Other  Qualities  of  Radiation 
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IIirIi-I  nerfis  Iron  I’arliek'S  (mnpared  to  Other  On.ililies  ol  Radiation  Wi/iZ/i/t  119.  ll>- 
i::(  I9.S';). 

(  onilitionesl  taste  asersion  ssas  used  to  evaluate  the  behavioral  tovieitv  ol'evposure  to  high- 
energv  iron  partieles  (  'Te.  WKl  MeV/aiitu)  in  eomparison  to  that  ol  Ramttia  photons  ('"(  o), 
high-enerjiv  eleetrons,  or  tission  neutrons.  I  sposure  to  hiRli-enerttv  iron  partieles  ( S  eCiy  i 
produced  a  dose-deix'iident  taste  aversion  with  a  masinial  ellect  achieved  with  a  dose  o(  .'dc<iv . 

( iamnia  photons  and  electrons  were  the  least  ellective  stimuli  lor  producintt  a  conditioned  taste 
aversion,  with  a  masimal  aversion  obtained  only  alter  e\|vosure  to  s(ki  c(  ly .  while  the  ellective- 
ness  ol  tission  neutrons  was  intermevhate  to  that  of  photons  and  iron  particles,  and  a  mavimal 
aversion  was  obtained  with  a  dose  of  KMU'Aiy  In  the  second  evperiment.  rats  with  lesions  ol  the 
area  postrema  were  esposed  to  tron  particles  (  V)c<iy ).  but  I'aileil  to  acquire  a  taste  aversion  1  he 
results  indicate  that  ( 1 1  high-energy  iron  particles  are  more  toxic  than  other  qualities  o!  radiation 
and  (2)  similar  mechanisms  mediate  the  tx-havioral  toxieity  ol  gamma  photons  and  high-energv 
iron  panicles,  .  ms'i  \,  .uu-nin  I'fONS  till 

IN  I  ROD! '(IK  )N 

,As  manned  expUtraUDn  nl  the  sniar  sxsiem  increases  in  the  eomint;  deetides.  astro¬ 
nauts  will  be  leaving  the  protection  provided  b\  the  earth's  niagnetie  (ield.  As  a  result, 
they  will  be  exposed  to  radiation  qualities  and  doses  that  vy  ill  diHer  signilieantK  I'rom 
those  experienced  tn  earth  orbit.  lar^teK  from  intergalaetie  eosmie  rays  Interpalaetie 
cosmic  rays  are  composeil  t)t  protons,  alpha  particles,  and  hca\  y  particles  with  hi^h 
energy  and  charge  (HZl.).  The  toxic  ellects  of  such  exposures,  particularly  nausea 
and  emesis,  may  interfere  with  the  ability  ol  astronauts  to  successlulK  complete  then 
assigned  missions.  Protection  against  the  ellects  ol' these  exposures  will  require  an 
understanding  of  the  toxicity  of  high-energy  particles  ;ind  their  rckitionship  to  the 

I’rcM’ni  jiiilicss  (  n-n»iH(»log\  InMituk  **!  \uniu.  I  i.hkisSaoH  Ki*\ 

f  L’lilfi.  Iljliinioio.  \1I)  .■’ !  '^4 
\(JtJrrss  tt)T  rcpniu  u’gui’sts 

1  M 

0(1  i  s.  SS  S'i  V  X  (Kl 

1  .•('  ticio  .  ■  \  .,.1.  .1.  p..  •.  It, 

\li  d  ..I  ..  t.,.,,  ..  •  .lo,  .  „  .  ,■ 


114 


RABIN.  HUNI.  AND  JOSf  PH 


toxicity  of  other  qualities  of  radiation  and  of  the  mechanisms  by  which  such  expo¬ 
sures  can  produce  effects  on  behavior. 

Although  there  has  not  been  much  research  evaluating  the  effects  ofdiffcrcnt  quali¬ 
ties  of  radiation  on  behavioral  tasks,  the  research  that  is  available  suggests  that  the 
toxic  effects  of  exposure  may  be  specific  to  the  quality  of  the  radiation  (/,  J).  As 
such,  in  the  absence  of  specific  data,  attempts  to  generalize  to  the  behavioral  effects  of 
radiation  qualities  that  may  be  encountered  in  space  based  upon  the  effects  produced 
by  other  qualities  of  radiation  may  not  provide  an  accurate  guide  to  the  potential 
effects  of  such  exposures.  It  may  not  be  possible,  therefore,  to  predict  the  effects  of 
exposure  to  high-energy  particles  on  behavior  based  upon  research  using  other  quali¬ 
ties  of  radiation.  I  he  present  experiments  were  designed  specifically  to  provide  an 
initial  assessment  of  the  behavioral  toxicity  of  high-energy  iron  particles  in  relation  to 
otherqualities  of  radiation  and  ofthc  mechanisms  by  which  the\  can  affect  bcha\  ior. 

The  behavioral  task  utilized  for  these  experiments  was  the  conditioned  taste  aver¬ 
sion.  A  conditioned  taste  aversion  is  acquired  when  a  normally  preferred  novel  tast¬ 
ing  saccharin  or  sucrose  solution  is  paired  with  a  toxic  unconditioned  stimulus,  such 
as  lithium  chloride  or  gamma  or  X  radiation,  such  that  the  organism  w  ill  avoid  inges¬ 
tion  of  that  solution  at  a  subsequent  presentation.  This  avoidance  behavior  is  typi¬ 
cally  acquired  in  a  single  pairing  ofthc  solution  and  toxin  and  may  be  observed  at 
dose  (or  exposure)  levels  that  produce  no  obv  ious  signs  of  illness  in  the  organism  (,?). 
(’onditioned  taste  aversion  is  functionally  related  to  emesis  in  that  both  responses 
serve  to  limit  the  intake  and/or  absorption  of  toxic  substances  (•/.  >).  As  such  the 
conditioned  taste  aversion  is  a  standard  paradigm  for  assessing  the  potential  toxicity 
ofa  wide  range  of  stimuli  (0). 


I  XI’l  RIMI  NI  I 

fhe  first  experiment  was  designed  U)  establish  the  dose-response  relationships  be¬ 
tween  exposure  to  high-energy  ''le  particles  and  the  acquisition  ofa  conditioneO 
taste  aversion  in  comparison  tii  exposure  to  otherqualities  of  radiation. 


Mi'lhiuh 

I  Ik’ Mibiivls  won-  ni,ik' (  rl  (  I)  HR  V  \l  I'liix  r.ils  X.’m,  i;/,  ml  w,  ifihniv;  KVi  4iMi  .11  ilk- 

stjrt  oi  l  he  evpiTimem  Rais  were  i|ii.iraminal  on  arri\al  aiul  si  reencil  lor  cr  iileni  e  ol  Jiscase  In.' lore  K-inj; 
released  I'rom  quarantine  I  lies  were  inainuiined  in  \  \l  X(  aeeredued  laeilit\  in  I'l.islu  Mu  ioisolator 
eages  on  hardwoml  ehip  eonlael  Ix'diling  and  prorided  eonimereial  riHleni  ehow  and  aeidilied  walei  Vni- 
iiial  holding  rooms  were  inainiained  al  2 1  •  !"(  wiih  S(l  •  |U'.  rel.iloe  luimidilv  using  at  least  Ulan 
ehangespi-rhoiirol  lUU'  .  eondilioiu-d  Ireshair  I  he  rals  were  ni.nniained  on  a  12-liliehl  daik  lull  s|x'eluini 
lighting  esele  with  no  twilight 

I'riKtu/iirf 

I  he  tx-hani,.'al  priKediires  have  tx-en  detailed  presioiisK  1  '1  Hriells.  all  rals  were  .idapled  lo  a  waler 
deprivation  sihediile  tor  S  7  da  vs.  duringwhieh  thev  reeeived  waler  loi  11)  mm  eaeh  dav  I  )n  the  r  omlilion- 
mg  dav.  the  rals  were  presented  with  a  single  ealihialed  drinking  tulx-  whieh  eonlained  a  III'  suerosr- 
solution  in  plaee  ol  lhe  waler.  and  the  intake  was  recorded.  Immediatelv  lollowing  the  drinking  ix-iukI.  the 
experimental  animals  were  irradiated  with  one  ol  the  lour  v|ualilies  ol  radialion  I  he  eontrol  .immals  were 
taken  lo  the  radiation  source,  hut  not  exposed,  to  provide  controls  lor  ihc  handling  leqinred  to  bring  the 
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Fk;.  I .  Test  day  sucrose  intake  following  exposure  to  gamma  photons  ("'Co),  fission  neutrons  (n").  high- 
energy  electrons  (c  ).  or  iron  particles(''’Fe).  Error  bars  indicate  the  standard  error  of  the  mean. 


animats  to  the  various  sources.  On  the  test  day.  24  h  later,  the  rats  were  again  presented  with  the  single 
drinking  tube  containing  the  10';  sucrose  solution,  and  their  intake  was  measured.  Statistical  analysis  of 
the  data  was  done  using  two-way  analyses  of  variance. 

Irradiation  with  heavy  particles  was  done  using  the  BEVALAC  at  the  Lawrence  Berkeley  laboratory 
(LBL).  Groups  of  rats  (V- 1 2/group)  were  exposed  to  doses  of  5.  10.  20.  .W.  40.  50.  100.  or  5(K)  cGy  of '■’Fe 
particles  at  an  average  dose  rate  of  10-50  c<iy7min.  The  energy  of  the  particles  was  600  MeV/amu  to  lake 
adsantage  of  the  plateau  of  the  Bragg  curve.  Dosimetry  was  provided  by  the  staff  of  the  BEVALAC  facility 
using  standard  procedures  that  have  been  described  previou.sly  (<V.  9). 

All  other  irradiations  were  done  using  the  sources  at  the  Armed  Forces  Radiobiology  Research  Institute. 
Irradiation  with  fission  neutrons  was  performed  using  the  TRIGA  reactor,  which  was  set  to  deliver  a  neu- 
iron:gamma  ratio  of  20: 1 ,  The  tested  doses  were  5.  10.  20.  .20.  40.  50.  or  100  cGy  delivered  at  a  dose  rate 
of  5  cGy/min.  Exposure  to  electrons  was  performed  using  a  linear  accelerator  which  provided  4-ius  pulses 
( 1 5  pulses/s)  of  18.5  MeV  electrons.  Gamma  irradiation  was  prov  ided  by  a  ""Co  source.  For  both  electron 
and  gamma  irradiation,  the  tested  doses  were  10.  .50.  I(X).  or  .51X)  cGy.  at  a  dose  rale  of  1 .20  cGy/min  for 
electrons  and  40  cCiy  /min  for  gamma  rays.  Radiation  dosimetry  was  performed  using  paired  50-ml  ion 
chambers.  Dose  was  calculated  using  a  tissue-equivalent  ion  chamber  placed  inside  an  acrylic  rat  phantom 
and  expressed  as  the  ratio  of  the  dose  measured  in  the  phantom  to  that  measured  free  in  air  ( ' ). 

RcskIis 

The  results  are  summarized  in  Fig.  1 .  which  presents  actual  test  day  sucrose  intake, 
and  Fig.  2.  w  hich  presents  test  day  sucrose  intake  as  the  percentage  of  conditioning 
day  intake.  These  figures  show  that  the  acquisition  of  a  conditioned  taste  aversion 
following  irradiation  is  a  function  of  funh  the  quality  and  the  dose  of  the  radiation. 
Both  the  threshold  dose  and  the  slope  of  the  dose-response  curv  e  vary  as  a  function 
of  the  quali’v  of  radiation. 

Statistical  comparisons  indicated  that  the  effects  of  exposure  to  '"C  o  photons  on  the 
acquisition  of  a  conditioned  taste  aversion  were  identical  to  those  obtained  following 
exposure  to  high-energy  electrons.  There  were  no  difi'ercnces  in  either  the  threshold 
at  which  a  significant  response  was  first  observed.  50  cCi\.  or  the  dose  at  which  the 
maximum  taste  aversion  was  observed. 

In  contrast,  the  behavior  of  both  the  gamma-  and  electron-irradiated  animals 
differed  from  those  exposed  to  fission  neutrons.  The  threshold  for  obserx  ing  a  condi- 
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tioned  taste  a\L‘rsit)n  between  lOand  20eCiy  was  considerably  lowerthan  that  follow¬ 
ing  exposure  tt>  gamma  photons  and  electrons.  In  addition,  as  shown  bs  the  signifi¬ 
cant  qualit>-b\-dosc  interaction  (/'(.Vbl )  ^  .^.57.  /'<  O.OI ).  the  dtise-respcmse  curve 
fbl low  ing  exposure  to  fissitin  neutrons  was  steeper  than  that  obtained  w  ith  these  other 
tw  o  qualities  of  radiation. 

The  effects  of  exposure  to  high-energy  iron  particles  on  the  acquisition  of  a  condi¬ 
tioned  taste  aversion  were,  in  turn,  significantly  greater  than  those  observed  follow  ing 
exposure  to  fission  neutrons  (/•'(  l.i  if4)  -  l.*i.59.  /'  <  O.OOl ).  Although  the  threshold 
at  w  hich  a  taste  av  ersion  was  first  observed  was  similar,  exposure  to  20  cCiv  produced 
a  much  greater  avoidance  of  the  sucrose  following  exposure  to  the  iron  particles  than 
following  exposure  to  neutrons.  In  addition,  a  nearlv  total  avoidance  of  the  condi¬ 
tioned  stimulus  was  observed  following  exposure  to  onlv  .70-40  c(iv  of  high-energv 
iron  particles  which  showed  no  further  changes  despite  increasing  the  dose  to  500 
cCiv.  In  contrast,  exposure  to  neutrons  did  not  produce  an  equivalent  effect  until  a 
dose  of  100  cCiv  had  been  utilized.  The  signilicant  qualitv-bv-dose  interaction 
{/■'(7.I4.^)  2.52.  /’  ^  0.05)  confirms  that  the  pattern  of  responding  as  a  function  of 

dose  was  not  identical  between  the  two  groups,  with  the  animals  exposed  to  "'  l  e 
showing  a  maximal  aversion  at  a  much  lower  dose  than  the  animals  exposed  to  the 
fission  neutrons. 

These  results  indicate  that  different  qualities  of  radiation  differ  in  terms  of  their 
capacity  to  lead  to  the  acquisition  of  a  conditioned  taste  aversion.  Since  the  taste 
aversion  is  a  measure  of  the  toxicity  of  a  stimulus  (Zi).  the  results  show  that  these 
diflerent  qualities  of  radiation  dilier  in  terms  of  their  toxic  effect  on  behavior  At  the 
lowest  level  of  toxicity  are  electrons  and  gamma  photons  w  hich  show  identical  pro¬ 
files  in  terms  of  their  capacity  to  induce  a  conditioned  taste  aversion.  Ihc  most  toxic 
radiation  stimulus  is  produced  by  exposure  to  high-energy  iron  particles,  which 
showed  the  lowest  threshold  and  steepest  dosi'-response  curve  I  xposure  to  fission 
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neutrons  produced  intermediate  levels  of  toxicity,  both  in  terms  of  thresholds  and  in 
terms  of  the  slope  of  the  dose-response  curve. 

Previous  research  on  a  variety  of  physiological  endpoints  indicates  that  the  relative 
biological  effectiveness  for  lethality  of  neutron  irradiation  is  greater  than  that  of 
gamma  photons  ( K).  ID.  Similarly,  studies  looking  at  ph>siological  and  morphologi¬ 
cal  endpoints  of  exposure  to  ''’Fe  suggest  that  exposure  to  these  high-energy  particles 
produces  more  damage  than  exposure  to  equivalent  doses  of  lower  linear  energy 
transfer  (LET)  radiation  (12-14).  The  present  results  arc  therefore  consistent  with 
these  previous  studies  in  show  ing  increasing  effects  of  irradiation  on  the  acquisition 
of  conditioned  taste  aversion  with  increasing  LEI . 

Although  there  are  fewer  studies  available  examining  the  effects  of  variations  in 
radiation  quality  on  behavioral  performance,  these  studies  also  indicate  that  the  effect 
of  irradiation  on  behavior  ma_\  var\  as  a  function  of  the  qualitv  of  the  radiation.  Thus 
it  has  been  reported  that  the  frequency  of  vomiting  is  greater  follow  ing  exposure  to  a 
radiation  field  containing  a  higher  proportion  of  fission  neutrons  to  gamma  photons 
(1?).  Similarlv  studies  of  maze  learning  following  irradiation  of  the  hippocampus 
with  ''  Fe  particles  showed  deficits  in  performance  following  exposure  to  doses  of  50 
cGy  ( 16).  In  contrast,  using  a  difl'erent  behavioral  task,  the  accelerod  which  measures 
a  motor  performance  decrement  following  high-dose  irradiation,  exposure  to  a  given 
dose  of  fission  neutrons  or  gamma  photons  produces  the  smallest  decrease  in  perfor¬ 
mance  while  exposure  to  electrons  causes  the  greatest  decrement  (7).  The  present 
results,  show  ing  that  neutron  irradiation  has  a  greater  effect  on  the  acquisition  of  a 
conditioned  taste  aversion  than  does  gamma  irradiation,  are  consistent  with  the  data 
on  emesis  following  irradiation.  This  agreement  between  the  data  for  taste  aversion 
and  emesis  may  be  a  reflection  of  the  fact  that  taste  aversion,  unlike  the  accelerod 
which  measured  motor  activity,  is  a  behavioral  measure  of  .stimulus  toxicity  which  is 
functionalh  related  to  emesis  (.^).  Similarly,  the  present  data  concerning  the  toxicity 
of  “'’Fe  particles  are  consistent  with  the  observations  of '''Fe-induced  deficits  in  maze 
learning  b>  show  ing  that  exposure  to  low  doses  of  high-energy  particles  can  produce 
scs  ere  effects  on  behavior  ( I6).  These  data  therefore  suggest  that  the  effects  of  radia¬ 
tion  on  behavior  are  a  function  of  both  the  quality  of  the  radiation  and  of  the  nature 
of  the  beha\  ioral  task. 


I  XPERIMI  NT  : 

1  he  finding  that  exposure  to  ''‘Fe  produces  a  conditioned  taste  asersion  at  lower 
doses  and  w  ith  a  significantly  steeper  dose-rcspon.se  curve  than  the  other  qualities  of 
radiation  raises  the  question  of  whether  this  represents  quantitative  differences  be¬ 
tween  the  different  radiation  qualities,  or  whether  it  reflects  the  operation  of  funda- 
mcntalK  different  mechanisms  leading  to  changes  in  bchav  ior. 

Studies  with  gamma  photons  have  shown  that  conditioned  taste  aversion  following 
exposure  to  '"Co  requires  the  mediation  of  the  area  postrema  ( /  /M.  the  brainstem 

chemoreceptive  trigger  zone  for  emesis  (/S').  Lhis  finding  has  been  interpreted  as 
indicating  that  the  acquisition  of  a  conditioned  taste  aversion  following  exposure  to 
gamma  radiation  is  a  peripheral  effect  of  the  exposure;  that  irradiation  causes  the 
release  of  some  humoral  factor  which  circulates  in  the  blood  and/or  cerebrospinal 
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fluid  aflecting  area  postrema  activity  which,  in  turn,  leads  to  the  behavioral  response 
(5).  In  contrast,  most  research  on  the  mechanisms  by  which  exposure  to  high-energy 
particles  affect  the  organism  has  focused  on  the  concept  ofa  "microlcsion”  (20.  21). 
This  is  the  concept  that  irradiation  with  these  particles  produces  a  scries  of  discrete 
microscopic  tracks  or  “lesions”  in  the  tissue,  which  arc  responsible  for  both  the  mor¬ 
phological  and  behavioral  effects  of  exposure.  Since  head-only  exposure  to  higher 
dose  gamma  photons  (.WO  cGy)  can  produce  a  conditioned  taste  aversion  which  is 
partially  independent  of  the  area  postrema  (J2).  there  is  the  possibility  that  the  taste 
aversion  seen  following  exposure  to  '"’Fe  particles  may  result  from  direct  effects 
on  neural  tissue  and  not  from  the  release  of  a  humoral  mediator,  as  with  gamma 
photons. 

The  present  experiment  was  designed  to  evaluate  the  role  of  the  area  postrema  in 
the  acquisition  of  a  conditioned  taste  aversion  following  exposure  to  high-energy  iron 
particles  to  determine  whether  or  not  mechanisms  similar  to  those  observed  with 
gamma  irradiation  are  involved  in  its  acquisition. 


Prmi'tlurv 

The  subjects  were  S7  male  albino  rats  weighing  2M)-27.S  gat  the  time  of  surgery.  Histologically  vcrilicil 
lesions  were  made  in  the  area  ptrstrema  of  .17  rats  at  AKRRI  using  techniques  that  have  been  detailed 
previously!  /  7).  Briefly,  the  rats  were  anesthetized  with  pentobarbital  sodium  (.15  mg/kg.  ip),  the  brainstem 
was  exposed,  and  the  area  postrema  wax  cauterized  under  direct  visual  control.  The  wound  was  closed  and 
the  animals  were  given  a  prophylactic  injection  of  Bicillin  ( KKl.tXK)  units),  fhe  20  sham -operated  controls 
were  treated  identically,  except  that  the  area  postrema  was  not  I'auteri/ed.  fhe  animals  were  then  allowed 
a  recovery  peritxj  of  .1-4  weeks  before  being  shipped  to  the  l.Bl.  for  the  remainder  of  the  experiment. 

The  behavioral  procedures  were  begun  2  weeks  after  the  animals  were  shipped  to  I  Bl  and  were  identical 
to  those  detailed  above,  except  that  only  a  single  dose  of  iron  particles  was  utilized,  fhe  rats  with  area 
postrema  lesions  and  the  sham-operated  controls  were  each  divided  into  two  groups.  The  cxix'rimental 
subjects  were  2 1  rats  with  area  postrema  lesions  and  1(1  sham-operated  controls  w  hich  were  exposed  to  .10 
t<iy  ''’Ke  particles  at  a  nominal  dose  rale  of  10  t<iy/min.  Sixteen  rats  with  area  postrema  lesions  and  10 
sham-operated  rats  were  treated  identically,  except  that  they  were  not  exposed  in  order  to  serve  as  controls 
for  the  shipping  and  handling  prixedures. 

At  the  conclusion  of  the  experiment,  all  rats  were  sacrificed  with  an  overdose  of  pentobarbital  (50  mg), 
perfused  with  isotonic  saline  and  I0‘'(  formalin  saline,  and  the  brains  were  removed  for  histological  exami¬ 
nation.  f  rozen  sections  were  cut  through  the  brainstem  at  the  level  of  the  area  postrema  at  .M)  )im  and 
stained  with  ihionin.  Sample  photomicrographs  of  the  area  postrema  and  a  representative  lesion  arc  pre¬ 
sented  in  f  ig.  .1. 


Results 

As  show  n  in  Fig.  4.  lesions  of  the  area  postrema  eompletely  disrupted  the  acquisi- 
tit)n  ofa  conditioned  taste  aversion  following  exposure  to  high-energv  irtni  particles. 
In  contrast  to  the  area  postrema-operated  animals,  the  sham-operated  controls 
showed  a  signiheant  reduction  in  test  day  sucrose  intake  (/■(  1 22.87.  /'  <  0.001 ). 
There  were  no  differences  between  the  area  ptrstrema-  and  sham-operated  groups 
(/•(  1 .24)  1 . 14.  /'  >  0.().*i)  which  served  as  shipping  and  handling  controls  and  w  hich 

were  not  irradiated. 

Histological  examination  of  the  brains  r)f  the  rats  indicated  that,  for  the  most  part, 
the  lesions  were  restricted  to  the  area  of  the  area  postrema.  although  they  did.  in  some 
cases,  infringe  upon  the  dorsal  parts  of  the  nucleus  of  the  solitary  tract  oi  dorsal  motor 
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Fk..  3.  Sample  pholomicrographs  showing  the  area  posirema  in  an  intact  sham-operated  control  rat  (A, 
arrow)  and  a  representative  lesion  (B). 


nucleus.  However,  given  destruction  of  the  area  postrema,  there  w-as  no  apparent 
relationship  betw-een  this  additional  tissue  destruction  and  the  lesion  effects  on  the 
acquisition  of  a  conditioned  taste  aversion. 

Discussion 

The  observation  that  lesions  of  the  area  postrema  disrupt  the  acquisition  oi'condi- 
tioned  taste  aversion  induced  by  ''’Fc  indicates  that  the  mechanisms  by  which  expo¬ 
sure  to  these  high-energy  particles  exert  their  toxic  effect  on  behavior  are  the  same  as 
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those  involved  in  the  acquisition  of  a  conditioned  taste  aversion  following  exposure 
to  gamma  photons,  which  also  depends  upon  the  integrity  of  the  area  postrema  (/  7. 
/(S’).  These  data  therefore  suggest  that  the  differences  in  toxicity  obtained  in  the  first 
experiment  of  this  series  are  the  result  of  quantitative  and  not  qualitative  differences 
between  these  two  forms  of  radiation;  that  ''’Fe  is  a  much  more  potent  toxin  than  is 
'’"Co,  but  that  both  produce  their  effects  on  behavior  through  the  operation  of  similar 
area  postrema-dependent  mechanisms.  While  these  data  do  not  directly  deal  with  the 
microlesion  concept,  the  observation  that  the  conditioned  taste  aversion  induced  by 
''’Fe  is  also  dependent  upon  the  integrity  of  the  area  postrema  would  be  consistent 
with  the  hypothesis  that  this  response,  at  this  dose  (30  cGy).  is  a  peripheral  effect  of 
the  exposure  and  does  not  result  from  the  direct  action  of  the  particles  on  the  central 
nervous  system,  as  has  been  reported  for  other  behavioral  effects  of  '"Fe  expo¬ 
sure  ( /6). 


<il  Nl  RAI  DISCI 'SSION 

The  present  results  support  the  general  conclusion  that  these  different  radiation 
qualities  differ  in  terms  of  behavioral  toxicity:  ''  Fe  is  the  most  toxic,  followed  by 
fission  neutrons,  while  '’"C  o  and  electrons  produce  the  least  toxic,  but  identical,  effects 
on  behavior,  fhe  factors  that  might  be  responsible  for  this  ranking  are  not  completely 
clear.  While  it  might  be  possible  that  these  behavioral  dilferences  rellect  dilferential 
damage  to  taste  receptor  units  caused  by  the  different  qualities  of  radiation,  resulting 
in  a  differential  responsiveness  to  the  sucrose  conditioned  stimulus,  this  docs  not 
seem  likely  because  exposure  to  gamma  photons  and  cyclotron  fast  neutrons  produce 
equivalent  changes  in  taste  acuity  and  in  detection  and  recognition  thresholds  (2.(). 
Another  possibillly  is  that  the  toxicity  of  radiation  may  be  related  to  1.1;  1.  Since  the 
intensity  of  the  taste  aversion  protiuced  by  the  various  qualities  of  radiation  paralleled 
the  I  FT  of  those  radiation  qualities,  it  may  be  that  the  behavioral  toxicity  of  the 
different  radiation  qualities  depends  upon  their  I.I;  I .  However,  the  basis  for  these 
differences  in  behavioral  toxicity  must  await  further  research  utilizing  other  high- 
energy  heavy  particles.  Nonelheles,s.  these  vlata.  in  combination  with  previous  re¬ 
search  about  the  effects  of  different  qualities  of  radiation,  clearly  suggest  that  the 
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effects  of  exposure  on  behavior  are  a  joint  function  of  both  the  specific  quality  of  the 
radiation  and  the  specific  nature  of  the  behavioral  task.  As  a  result,  our  ability  to 
generalize  about  the  potential  effects  of  exposure  to  one  radiation  quality  based  upon 
data  from  another  and  from  one  endpoint  to  another  may  be  very'  limited. 

With  regard  to  the  specific  effects  of  exposure  to  high-energy  heavy  particles  on 
behavior,  the  present  results  are  consistent  with  the  hypothesis  that  these  differences 
result  from  a  greater  effectiveness  of  these  particles  in  producing  the  toxic  reactions 
measured  by  conditioned  taste  aversion.  These  results  are.  in  general,  consistent  with 
other  research  using  a  variety  of  physiological  and  behavioral  endpoints;  this  indi¬ 
cates  the  significantly  greater  'elative  biological  effectiveness  of  exposure  to  high-en¬ 
ergy  heavy  particles  {13.  16). 

Although  this  research  presents  only  an  initial  assessment  of  the  behavioral  toxicity 
of  exposure  to  heavy  particles,  it  does  have  some  implications  for  manned  flights 
outside  the  magnetic  field  of  the  earth.  The  relative  biological  effectiveness  of  high- 
energy  iron  particles  is  greater  than  that  of  gamma  photons  by  a  factor  of  ten.  mean¬ 
ing  that  behavioral  effects  can  be  observed  following  exposure  to  doses  much  less  than 
might  be  expected  based  upon  the  data  derived  from  the  use  of  gamma  irradiation.  As 
such,  these  results  suggest  that  estimates  of  mission  failure  due  to  exposure  to  heavy 
particles  may  have  to  be  revised  upward. 
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Incubation  of  canine  marrow  and  peripheral  blood 
mononuclear  cells  with  L-leucyl-L-ieucine  methyi  ester 
resulted  in  the  inhibition  of  mitogen-  and  alloantigen- 
induced  blastogenesis,  the  elimination  of  allosensitized 
CTL  and  NK  activity,  and  prevented  the  development 
of  CTL  from  pCTL.  The  effects  of  these  incubations  were 
similar  to  those  described  in  mice  and  humans.  Addi¬ 
tionally,  in  vitro  CFU-GM  growth  from  treated  canine 
marrow  w  :s  reduced,  but  could  be  regained  when  the 
Leu-Leu-OMe-treated  marrow  was  cocultured  with 
either  untreated  autologous  peripheral  blood  mononu¬ 
clear  cells  or  monocyte- enriched  PBMC  but  not  with 
untreated  monocyte-depleted  PBMC.  Six  of  seven  dogs 
conditioned  with  920  cGy  total-body  irradiation  en¬ 
grafted  successfully  after  receiving  autologous  marrow 
that  was  incubated  with  Leu-Leu-OMe  prior  to  infusion. 
These  cumulative  results  indicate  that  incubation  with 
Leu-Leu-OMe  is  a  feasible  method  to  deplete  canine 
marrows  of  alloreactive  and  cytotoxic  T  cells  prior  to 
transplantation. 

The  success  of  allogeneic  maTow  transplantation  as  treat¬ 
ment  for  malignant  ai.d  noninalignant  hematopoietic  diseases 
has  been  rest  rict  ed  by  t  he  serious  complicat  ions  of  graft  ■'  ersus- 
host  disease  (/.  2).  Experiments  in  a  variety  of  mammalian 
marrow  transplant  model.,  have  shown  that  removal  of  mature 
T  tells  from  donor  marrow  permits  engraftment  without  the 
development  of  GV'HD  (T-6’).  Based  on  these  and  similar 
observations,  studies  have  been  carried  out  to  evaluate  the 
effects  of  T  cell  depletion  prior  to  allogeneic  marrow  transplan¬ 
tation  in  humans.  Most  studies  have  employed  marrow  treat¬ 
ments  with  anti-T  cell  monoclonal  antibodies  plus  complement 
or  with  soybean  agglutinin  followed  by  E  rosette  formation  and 
density  gradient  centrifugation  (  7-9).  In  general,  removal  of  T 
cells  has  been  as.sociated  with  a  marked  decrease  in  both  the 
III,  idence  and  severity  of  (iVHD.  However,  the  use  of  T  cell 
depleted  marrow  has  also  been  associated  with  an  increased 
incidence  of  marrov  graft  rejection  ( 10). 
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Recently,  Thiele  and  Lip.sky  have  de.scribed  a  dipeptide 
methyl  ester,  L-leucyl-L-leucine-methyl  ester  iLeu-Leu-OMel* 
that  can  eliminate  natural  killer  cells  (NK),  monocytes  (M0), 
and  precursors  of  alloantigen -.specific  cvTotoxic  T  cells  IpCTL) 
from  mou.se  spleen  cell  su.spensions  and  frr  in  both  mouse  and 
hun.an  peripheral  blood.  This  treatment  leaves  intact  B  cells, 
helper  T  cells,  and  murine  ervlhroid  and  hematopoietic  stem 
cells  111-14).  In  a  murine  histoincompatihle  marrow  transplant 
model  (T.57BL/6J— *(C57BL/f)XDBA/2)F; ),  treatment  of  donor 
marrow  and  spleen  cells  with  Leu-Leu-OMe  resulted  in  suc¬ 
cessful  donor  marritw  engr.'-ftment  and  the  development  of 
stable  long-term  hematopoietic  chimerism  without  GV'HD  ( 14- 
16).  The  u.se  of  Leu-Leu-OMe  to  treat  marrow  may  have 
advantages  over  currently  used  methods.  The  ust  of  Leu-Leu- 
OMe  is  very  simple,  requiring  but  a  single  L")-min  incubation. 
In  addition,  it  appears  that  marrow  incubation  with  Leu-Leu- 
OMe  re.sults  in  the  elimination  of  the  cells  responsible  for  acute 
GVHl)  while  it  the  same  time  pre.serving  hematopoietic  stem 
cells  needed  for  engraftment  and  the  cells  required  for  immune 
reconstitution  ( /.5.  16). 

We  and  others  have  used  dogs  as  a  large,  outbred  animal 
model  for  us  in  experimental  marrow  transplantation  ( 17.  18). 
The  present  studies  were  undertaken  to  determine  whether  the 
incubation  of  canine  marrow  and  peripheral  blood  cells  with 
Leu-Leu-OMe  would  yield  alterations  of  in  vitro  vellu'ar  im¬ 
mune  fu.iction  comparable  to  those  described  in  human  and 
murine  cells  and  to  investigate  the  effects  ol  marrow  incubation 
with  Leu-Leu-OMe  on  early  hematopoietic  progenitors  and 
stem  cells  as.sayed  for  both  in  vitro  and  in  vivo  function. 

•VtATERIAL.S  AND  .MKTHOD.S 

I><igs  Beagles,  hoiintis,  and  mixed  breed  hounds,  obtained  from 
((immerrial  vendors  in  Washington  and  Virginia  or  raised  at  the  Fred 
Hiitrhinson  Cancer  Research  Center  iFHCRCi,  were  dewormed  and 
vaccinated  against  distemper,  hepatitis,  leptospirosis,  and  parvovirus 
before  u.se  in  this  study  .All  dogs  were  at  least  six  months  of  age  and 
were  maintained  at  the  KHCRC  canine  kennel  liu  ilities  per  guidelines 
stipulated  hv  the  National  Academy  ol  Si  lences  National  Research 
Council.  The  research  [irotocol  was  approved  In  the  Internal  .Animal 
Care  and  Cse  Comnuttee  it  the  Fred  Hutchinson  Cancer  Rescan  h 
Center 

.Medium  Wavmoi'th  s  MB7.72  1  medium  i  KHCRC  media  prepara 
tion  fat  ilitvi,  siippletiiented  v, ii  1  niM  none-sential  ammo  acids  and 
I'ai  I  ml  penicillin  and  loo  „g  ml  streptoinvcin  lall  Iroin  (ilBCOi. 

*  .Ahlireviat  ion-  Leu  Leu  OMe.  1,  leiicvl  L-leucme  tiK't  hv  I  ester. 
Mg.  moniK'vtes.  B  MI.C,  liulk  MLC.  NWN.A,  nvlon  wool  tionadhen-nt. 
CFC  C,  colonv  (orniing  unit  in  culture,  I’KD.S,  postendotoxm  dog 
.seriiim  CTAC,  canine  thvroid  .iilrnocarcinoma  cell  line 
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was  used  for  the  dilulion  of  heparinized  whole  hlood  and  marrow  for 
the  cell  separation  procedures.  Waymoulh’s  medium  supplemented  a?- 
above  with  the  addition  of  U)'*  to  heat  inactivated  tr>(>  (')  normal 
pooled  do^  serum  tM-NPS'H)  'JO'V  i  was  used  lor  the  mixe<l  leukocyte 
culture  microassays,  hulk  ML(’  iH  cell  nie<liaied  Ivmpholysis. 

and  NK  assays. 

('(’ll  prcpdraUnri  Peripheral  hlood  mommuclear  cells  were  obtained 
by  the  centrifugation  of  heparinized  venou  whole  hlood  (diluted  1;‘J 
with  medium)  over  FicollHypa^pie  densitv  gradients  (Sp.  densitv 
l.()74l  as  prevjoiislv  described  U9).  Hone  marrow  cells  (HM(')  tt>r  in 
vitro  assays  were  obtained  by  svringe  aspiration  frotii  the  humeral  head 
of  an  anesthetized  dog.  'I'he  marrow  was  diluted  1:2  with  medium  and 
overlayed  onto  Ficoll-Hypacpit-  densit>  gradients  to,  centrifugation 
1 1000  X  g),  following  which  the  int<*rlace  cells  were  washed  once  with 
hemolytic  buffer  and  twat*  with  medium.  'The  PH.Nir  and  marrow  celN 
were  resuspended  into  medium  for  cell  counts  and  viabilitv  asse.ssm«*nt 
using  the  trypan-blue  exclusion  :echni(|ue. 

Monocyte-enriched  cells  were  obtained  b\  treating  PHM('  with  the 
anticanine  murine  monoclonal  atitilxxlv  Dly  b  i20»  as  fullow^-  ;fOOx  I0‘ 
PHNU-’  were  incubated  for  do  min  at  r<»om  tetnperature  in  d(>  ml  of 
1:100  diluted  i)iy  b  (ascite>  c<'ntaining  anlibodvi.  and  then  an  e«|ual 
volume  of  1:J  diluted  rabbit  serum  complement  (Pel  Freeze.  Rogers. 
AH'  was  added  for  an  additamal  bO  min.  'I'he  cells  were  wash<*d  once 
with  meaium.  resuspended  in  do  ml  of  l:d  (liluted  rabliit  mtuiii  dimple 
meni.  and  incubated  again  lor  (io  nun  Alter  washing  twice  in  medium, 
these  cell  suspensions  containerl  bl  r  i .SK.M  i  viable  mon<Kytes.  !(> 
lymphocytes,  and  2d±‘bV  granulocytes.  primanU  eositiopfiils. 

Mor.ocytedepleied  PHMC  were  obtained  by  first  (la.ssing  PHMC 
over  nylon-w(xil  columns  as  fireviously  descnhed  i2/t.  and  then  trails 
ferring  dOxlO'  nylon-woif  nonadherent  '.WVN.Ai  cells  in  lo  ml  of 
medium,  containing  ’I'i  fetal  calf  serum,  into  plastic  peiri  ilishe'- 
(Falcon  No.  dOOd.  Lincoln  Park,  NM»  lor  2  hr  indihation  at  d7  C.  7L 
CO  .  'Phi^  depletion  techniifue  yielded  apjiroximaieiy  Oo^rlL  lymphoid 
cells  with  greater  than  OO'V  viahditv  and  les-^  than  d'V  lnon<»^•^■tes  as 
determined  by  morphologic  assessment  of  Wright -stained  cyiospm 
preparations, 

Pn'pnratian  n/  'I'he  Leu  Leu-O.Me  was  synthesized 

from  I>-Ieucyl  l.  leu<*ine  (Sigma  (’hemual  Lo.  St  Louis.  .MOt  as  previ 
oiisly  described  (//  ,  (Qualitative  assessment  of  Leu  Leu-OMe  purit\ 
was  obtained  by  thin-layer  chromatography  fPI/'i  i22).  Hriefly.  \  <ii 
5x  10  ,\1  solutions  of  I.  leucine  methyl  ester  (I.eu-OMe)  (dissolved  in 

ihsoiule  methanol  1.  L  leucine  ( Ix'iii.  L  leucyl  I,  lent  me  ( Li  l.ein 
(both  dissolved  with  heat  and  stirring  in  absolute  methanol  containing 
O  ')  N  HLl).  and  the  svnthesized  Ia*‘i  I,eu  OMe  were  api>lied  to  pr<- 
coaled  TLL  plates  (2'>0#jM.  KtxJO  cm.  MP  I  I.C  Kieselgel  bo  (Men  ki. 
Darmstadt.  West  (iermanyi.  and  <|uickly  dried  under  a  stream  o|  warm 
air.  fhe  plates  were  developed  for  2.7)-hr  in  an  enclosed,  equilibratixl 
system  c<in!aining  the  following  n  .xlure  of  reagent  grade  solvents 
chloroform,  absolute  methanol  and  acetu  acid  at  volume  ratios  of 
I9:0b;12.').  respectively.  'The  migrations  of  thi*  four  compounds  were 
visualized  by  applying  an  aerosol  spray  of  O.J'V  ninhydnn  in  ethanol 
and  then  placing  the  plates  in  a  bO  ('  oven  for  20  min,  IL  vahu  (the 
ratio  of  the  distance  the  compound  travels  to  the  distance  the  .solvent 
front  travels)  were  calculated,  in  order  t<»  assess  the  resultant  migra 
tions.  according  to  the  following  formula  (22): 

distance  traveled  by  cc.nfxmnd 
distance  traveled  by  solvent  front 

l.«u  l/eu  v)Me  was  stored  at  -20"(  in  absolute’  mc’lhanol  and.  based 
on  repeated  'FLC  analysis,  wa  stable  for  at  lc*asl  three  months 

Inruhatum  of  PHM('  or  marrou  ce/4s  with  Ia’u  Ia’u  OMv  hkpia) 
volumes  of  PBML  or  marrow  cell  susjxmsions  and  liOii  l^ni OMe  at 
the  indicated  final  concentrations  were  incubated  for  !f»  min  at  r«M»n) 
temperature,  Lells  for  in  vitro  studies  were  washed  (wire  an^  resiis 
pended  in  medium  Marrow  cells  used  for  autologous  infusion  were 
inciibated  at  cell  ronc’ent  rat  ions  of  20xlP*7ml  in  liCU  I^*u  OMe  solii 


tion.->  that  contained  0  1  l  /ml  DNAase  (Worthington  Knzymes  and 
Ibocheinicals.  Freehold  NM).  After  incubation,  the-^e  cells  were  washed, 
counted,  and  reinfused  within  \  2  hr. 

Mixed  leukncyir  ndlurr  ond  nuto^’cn  (issa\s.  .\IL('s  were  estahbshed. 
lahelc’d  with  1  11  |t hynudine.  harvested,  and  prepared  for  liipiid  scmtil 
la'  on  counting  as  prevuiusly  described  (2.7»  with  minor  modillcat mns. 
'riu*  10'  Leu  Leu-O.Me  irea’ed  r)r  untreated  responder  and  lo  irradi 
ated  (2200  rads)  untreated,  stimulator  PHMC  were  cocultured  in  a 
final  volume  of  200  /i I  M  .N'i^S  '2^)'  >  (X-r  well.  .Mitogen  st iniulat  ion  was 
assessed  liy  adding  either  27.")  Mg'rnl  PHA  (|)IF('0.  Detroit  ML.  JOO 
»ig,Miil  Lon  A.  (Lalbiothem.  San  Diego  LA',  or  200  pg  nil  }*WM 
i(  iIIR '().  ( Iraiid  I.sland.  N  N’ '  to  1  (i  t  realc-d  or  unt  rented  responder  cells 
in  a  final  volume  of  l'OO  ul  of  M  N'PS  '20'V .  .Ml  cull  ures  were  established 
in  triplicate  in  mi<Toiiter  plrite*'  (Lostar  .\o.  2791).  Cambridge  .MA)  for 
7  (lavs  at  27  L.  7L  LO  .  in  a  liuinKlified  incubator. 

l\idh  MIA'  MU'  nfui  n'll  nudiatrd  a'*sr;\s  Hulk 

ML(  s  were  e''taMishe<i  U'^ing  either  untreated  or  Leu  Leu  OM(' 
treated  PHML  «)r  marrow  t  elN  a>  n-sponders.  and  'intreaied.  irradiated 
PHM(‘  as  stimulators,  l<»  gc  nerat e  L'I'L  for  LMI  -  assass.  pre\  lousK 
described  i /.ui.  vMth  inotjificat  ions  (’TL  were  derived  from  the.se  <'ui 
lures  to  form  two  LML  assay  groujis;  i  1  i  res[>onder  PH.VK’  or  marrow 
cells  treated  with  Leu  Leu  t)M<*  or  MeOfI  on  das  0  fjrior  to  mixing 
with  irradiated  siwnulator  PHML  m  H  - MLL  ida>  ' ' c  and  <  2  <  I.eu  I.eu 
OMe  <)r  MeOH  treatment  o|  7-da\  fLML(  gem-raO'd  L’I'L  idas  7'. 
('fLs  were  mixed  at  a  oU;  1  ef lecTor:Iargel  ratio,  with  Lr  lafieled  Na 
LrO.  (200  .'lOO  ^iCi  ml.  N'fA.  UibningTon  DKi  Lon  ,A  stnmilaied 
PHMt'  targets  Luitun’s  of  PHML  to  lx-  used  lor  targe's  in  the  LML 
assavs  were  esiahlished  on  ihi-  same  dav  oi  H-MI.L.  and  siimulateU 
with  Lon  /\  «'n  da\  (  ol  luliure.  The  I  hr  Lr  release  assav  was 
performed  as  ()re\  louslv  desi  rihed  (  /.‘o  The  mean  spontane  -us  maxi- 
maim  ( *r  reU-ase  ratio  was  i»*2: 1  L  ( l:  .'sKM  i.  wfule  niaxitnuni  release 
total  Lr  incorporation  was  DOii'L  hT  targets  used  in  this  si  ries  of 
(  ML  assays. 

Proliferation  of  treated  or  untreaiexl  responder  PITML  or  marrow 
cells  in  V-da\  H-.Mld’  was  measured  b\  dist rihiii ing  2"('-ul  ah<tuots 
from  ea(  h  H  .MLL  flask  int.-  rripli(  at»'  microculiure  welU  and  labeling 
for  7  hr  with  1  11  h h\ mKiine.  Cell  harvest  .uid  lujuid  siiMth'ation 
i  ouniing  were  performecl  as  d(csi nhed  for  M  L( '  'JO 

Xdtural  Killer  nil  ,\  A  ds'><i\s  Leu  f.eu  ‘)Me  or  .MeOH  treated  or 
untreated  PHM* '  and  m.irrow  cells  were  assaved  for  .\K  ac  ti\  itv  against 
.1  Lr  lahc’led  carune  thvroid  adi-nocarcinonia  n-11  line  (L’l'ALi  m  a  h's 
hr  assav  \Mfh  the  percentage  "I  Lr  release  lalcuiated  as  prcviousK 
{les»  rihe<l  (  2  /  * 

In  I  itrn  niarmit  ,o//nr,s  /Hr  ('I-'l'dM  gr--/.’';  I.eu  L»-ii()Me  and 
MeOH  irxaleci  and  untreated  marrow  lelN  were  te-ted  for  in  \i'ro 
Ix'inatopoictu  {>rogeniio‘r  growth  using  an  agar  based  c-lohx  lormation 
assay  that  ulili/c’s  postendoioxin  dog  serum  iPKDSi  the  source  ..t 
eo|on\  st  irnulat  ing  factor  i  2’>  i  ( Irowt  h  of  grantiltxMe  mi.m  p -phage  i  ( il 
onies  »LFL(tM)  was  as.saved  in  cultures  toniaining  !"  ur  '.-In 
( reated  or  unt  rc’}ile<j  marrow  cc-lls  onK  .  and  in  cult  ur«'s  m  w  hn  h  marrow 
cells  were  cot'uhured  with  '-ither  M'  autolog«  -is  PHML.  Mo  enriched 
or  M0  depleted  PH.Mf'.  or  Leu  Leu  OMe  treated  I’HM('  iiniuiialed 
wit  h  PMMi/iM  Leu  Leu  OMe  1  ( ’u  It  ures  were-  incubated  in  1  ri|i!u  ate  P  >r 
p)davsina27  ('.7'.  ('()  humidified  incubator  and  ( IKI  ( »M  i  olonies 
were  enumerated  as  [ireviousls  described  i2>i 

Aiifolontnts  mri'Toa  traruspldutotinn  .Marrow  for  autologous  trails 
plantation  was  obtained  bv  a  vacuum  pump  asfuration  |)ro(edure  '2bi. 
ppK«’sse<l  over  a  Knoll  Hvpacjue  densitv  gradient  and  im  uliated  with 
Leu  la’u  OMe  All  recipient s  were  condit loned  wit  fi  !)J()  c(  i\  total  bo»i\ 
irradiation  debvereil  as  a  single  exjxisure  fr'aii  two  opposing  'Co 
sourees  at  7  (t  c( Jy /iiiiti  (2b)  ’I'he  rec  ipients  .vcTe  infused  witli  tre  ated 
autologous  marrow  within  2  hr  of  THI  .Sujiporiive  c.ire-  pre-  and 
jMisttrnnsplantation  with  antibiotic's,  v  fluids,  and  whole  Itlood  trans 
fusions,  was  given  >  previously  des<  rilK’d  (271  In  add  it  i"n.  rec  ipicml  - 
were  given  oral  ant  ihiot  ics  (  Neomvein  sulfate-  aixl  p"K  mvxin  H  sullate- 1 
daily  f<*r  five  da  vs  Ix’lore  PHI  and  |m»s!1  ransplant  until  1  he-  granuloc  \  te 
ec»unf  reached  bod/n.m 


.\<,i  emtn’r  I9KK 
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I'hnlayfr  ciiriimatuyniphic  (intily.-^is  <if  sxiilhrsi^rd  l.rii  Lru 
OA/c.  Three  hati  hes  nl  I.eu-Leu-OMe  were  svnthe^i/e<i  tor  use 
in  the  in  vitro  studies  and  autnloftous  transplant  experunents 
deserilied.  ('(insistent  K.  values  were  ohtaitied  tor  each  hatch  ol 
Leu-l.euOMe  and  tor  the  three  control  compounds  tested. 
V\’ithin  the  I.eu-Leu-OMe,  there  was  ti  secondary  spot  that 
migrated  with  a  H  \,;ilu('  e((ual  to  that  ol)ser\cd  tor  the  I.- 
l.eucvl-l. -leucine.  The  consistence  ol  the  K.  values  indicated 
that  constant  \ield  and  puritv  was  achievtai  with  inmimal 
hatch-io-halch  c  anal  ions. 

\  mbihly  "j  I'HMC  itnu  nKirrnu  n  li^  iifti-r  im  uhiilinn  iiilh 
l.ri,  1. 1  It  '  )Mi  The  c  iabilit  V  of  I  rented  I’l-iNK  and  marrow  cells 
was  assessed  within  1  hr  alter  iiii  iihal  ion  with  Leu  Leu  OMe. 
There  was  no  sienuicanl  dilterence  in  ciahihties  ohserced  m 
cells  ireated  cvith  either  Leu  Leu  OMe  (u|)  to  lltoii  ,iMi.  Ic.'i', 
.Me()li  ill  i ’IT'S,  or  Lli.'s  onic .  .Xoliine-coursc-siiidiesweredone 
to  assess  !  he  c  lahilitc  111  1 'HM( '  and  ni  "■'occ  cells  more  t  Pan  1 
hr  .liter  HU  iih.i!  loll  with  Leu  Leu -OMe. 

hi i''! : >i(i; :• ‘t:  o/  til'iKiniiyi  n  rcspoii.si' cne.s.s  tmii  ini/oe’cn  ;n- 
Uitc'd  h\  tfuiiixit laii  '»/  /7('h'  iiith 

l.t'i,  /.c:,  I  t\J,  l‘HM< '  ccen- I  rented  at  eii  he  r  IP'  or '_’t  ix  IP' 
ml  will,  l.eu  I.eu-tlMe  and  tested  in  niicroMl.i',  and  hhi'lo 
y'eiiesi'  ,issa\  s  '  T  m,  1  i.  In  all  assac  s  t  here  w  as  a  1  .eu  - 1  .eii  -  OMe 
dose-dependent  reduction  in  the  prolilerai  ive  response  such 
that  cirfuallc  rn.  hlasloeenesis  was  ohserced  alter  iiuiih.'ilion 
cvit  h  1  POP  a  .M  1  .eu- 1  .eu  ( )Me, 

’I'realineiii  nt  doxlP  responder  I’HMt'  or  marrow  cells  he 
lore  hulk  M  L( '  resulted  in  similar  Leu  -  Leu  <  )Me  dose -depend¬ 
ent  reductions  in  [iroliteral  ice  response  'data  not  shocviii.  The 
marrow  cells  a, -ice  a  lower  haseline  lecel  ol  |  1 1  |t  hviiudine 
incorporation  and  were  more  seiisilice  than  the  I’HMC  to 
treatment  with  Leu  Leu  OMe  (data  not  sliocvni.  Trealtiieni  ol 
LKMI  marrow  cells  with  o.'i' ,  MeO|  I  m  I’KS  had  no  el  led  op 
'lie  aiioproiiii-r.itice  rcspon.-i-  :ti  H  Ml.!'  idalti  tiol  showni. 

/•.'i'l  •mmmP'o/;  ;  iii,  y.  m  rm'ioii  o/  unltyi  ti  s/icci/’/i  c\ fot.i.v/c  '/' 

.  I’l/i/e.'  , -  0.  ,  1.0  e/s.'ooii  I  ‘hSU  '  itnii  '1111  rn  III  I  •  II.-  It  It  h  !.•  u 
/.I  a  ''\/'i  1  he  eiieii  ol  Leu  Leu  ()Me  on  the  Ofiieralion  o| 

ant  lyct'o 'pel  Hu  cc  toioxii  T  cells  cc.is  nie.isiired  hv  mcuhatmi; 
respondi  r  l'1-iMl  and  marrocc  cells  wilh  Leu  Leu  ()Me  (dav  ii 
’re.i'meiH'.  .iiui  then  tesimi;  these  iclls  in  a  standard  OML 
.iss.ic  alter  (lac-  ol  lultiire  in  M  M  L( '  Irealiiunl  cvilh  IPPP 
e  M  Leo  Li  ,  (  I  Me  eii  nc.n.ii  eil  I  hi  oem  r.it  ion  o|  1  c  I  ole  I  K  ac  t  ic 
:tc  .lyuHi-r  i  r  i.iheied  .dio.in' io,.j|  ^perilii  (  on  .A  si njiulal ed 
I’l'iMl  '  I' a,  Ji  I  hioe  resii  H  ~  1  mill  .It  ed  I  T.at  t  he  oeiier.it  loll  o| 
('I  I.  iron,  |,rii  orsors  i-  .rU'iiici  to  im  uh.it  ion  ccilh  Leu  Leu 
( iMi-  I  til  e Med  '  :  1 .11 1  Leu  ( iMe  1  lii  uhal  u ui  on  ( '  I  1.  ai readc 
oemr.ited  hi  7  dac  tiuik  M !,(  lU.c.  7  tre.iinieiili  evas  a|s., 
e\  ,il  I  i.ii  ei!  I  his  I  ri  ,it  meiit  eh  tmnai  I  (I  .lilt  nreii  specilii  i  c  toK  i ,, 
ai  t  r.  1'  I  1  7  i  i  n-.ii  mi  ni  i'  h  "  Md  ll  I .  eil  her  on  dac  o 

or  dac  o  :h  IM  ,1  m'.-rleri  \c  ll  h  ell  her  I  he  dec  elopnietit  ot  (  TL 

or  the  spec  ,t.c  C  '.tolc-l~  ot  I,ir"els  .iss.iced  on  d.ic  7  id.lt.i  Hot 
shi  'wn  I 

hiriii’in' :■ '!  ;  \  l\  ci/u  I  :ni  Ill'll".'  II  o/  I’liMt  'I’ui 

. . -  ...o,  /,.,  1,1,  '  i\li  M.irkeii  iliiinmi'ion  ot  \K 

ad  IC  If  c ,  1  n  .1  I lo -  I  i li  pi-iu li  re  : n.i 1 1 1 u  r  cc  .i-  seen  alt er  i in  uhai  ion 

ol  [M(  M(  or  iii.irrow  I  (-1 1'  cc  It  h  l.e  ;  I  .i  ;  ( 1  Me,  .uii  I  \  K  ad  ic  it  . 

W,|S  e-seiil  i.illc  eiHiHualeii  .liter  ire.iimi  nt  cci'h  1  i  m  lu  M  l.i--; 

I.euOMeithM  O 

In  I  III"  (  I  I  l,\l  I  Moi,  :  I  I  .  O  ■  '  h.  !  '  l\l. 
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^l(.^  Kp  j  (  Ml,  illtist  r.it  114;  lilt-  cIIimT  nt  l,(Mi  l.(Mi  UMc 

t  TiMit  jiKMit  nt’.  p  ( ■  ri.  Mla\  'll  or  > 'll  "  (i.i\  H  M  i t  ri .  I  iia\ 
7».  (icrivcH  AMthcr  Iroin  I’HNK'  HMC  Tlic  nnlniaic  nu-an 
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treatment  of  marrow  celln.  There  was  a  marked  reduction  in 
CFU-OM  colony  growth  obtained  from  marrow  cells  incubated 
with  varying  concentrations  of  Leu-Leu-OMe  (Table  1).  Mini¬ 
mal  CP'L'-(1M  growth  was  observed  with  10  Leu-Leu-OMe 
treated  marrow  cells  per  plate  were  cultured.  There  was  some 
recovery  of  rFl'-GM  growth  when  the  cell  number  was  in¬ 
creased  to  HxlO  treated  marrow  cells  per  plate,  but  only  to  a 
level  that  was  approximately  25‘(  of  that  observed  with  Ox  10’ 
untreated  marrow  cells.  Addition  of  either  untreated,  autol¬ 
ogous  PBM('  or  Mp-enriched  autologous  FBMC  increased 
CFl -OM  growth,  but  not  to  the  levels  observed  with  untreated 
marrow^  cells  in  similar  cocultures.  The  addition  of  Mct-depieted 
or  Leu-Leu-OMe  treated  autologous  PBMC  to  treated  marrow- 
cells  did  not  augment  growth. 

The  effect  o/  tncuhatinfi  marrow  cells  with  hm-lAm-l )Me  on 
autologous  marrow  enfiraftmenl.  Six  of  the  seven  dogs  given 
Leu-Leu-OMe  treated  autologous  marrow  engrafted  and  did  so 
with  kinetics  similar  to  those  sef>n  in  recipients  of  untreated 
autologous  marrow  (Table  2  and  Fig.  4).  Platelet  counts  re¬ 
turned  to  normal  levels  between  20  to  20  days  posttran.splant. 
Dog  ('.')2I  did  not  survive  past  day  20  posttran.splant.  After 
Leu-Leu-OMe  incubation,  the  marrow  cells  from  this  dog  were 
clumped  and  had  only  20'f  viability,  resulting  in  the  infusion 
of  a  very  low  marrow  cell  dose.  The  marrow  from  (’.')80  was 
incubated  with  the  same  concentration  ol  Leu-Leu-OMe  as 


r.Til,  but  the  treated  marrow  cells  of  f'.oSO  did  not  clump  and 
this  dog  survived  with  rapid  engraflment.  Dog  BBH701  had  to 
l)e  euthanized  on  day  19  posttran.splant  due  to  an  accidental, 
severe,  foot  injury  that  failed  to  respond  to  treatment,  but  did 
show  evidence  of  engraftment  as  indicated  by  a  rise  in  WBC 
and  the  marrow  cellularity  at  autopsy. 

Dl.SCf.SSlON 

Thiele  and  Lipsky  have  demonstrated  that  exposure  of  mouse 
spleen  cells  or  human  peripheral  blood  leukocytes  to  Leu-Leu- 
OMe  depletes  these  populations  of  monocytes,  NK  cells,  and 
cytotoxic  lymphocytes  at  both  the  precursor  and  effector  stages 
of  differentiation,  without  apparently  affecting  other  cell  pop¬ 
ulations  ( 11-13).  They  further  showed  that  incubation  of  mix¬ 
tures  of  murine  marrow  and  spleen  cells  with  Leu-I..eu-OMe 
did  not  interfere  with  engraftment  and  could,  in  certain  circum¬ 
stances,  prevent  OVHD  ( 14-16).  In  the  studies  presented  here, 
we  found  that  canine  peripheral  blood  and  marrow  cells  behave 
similarly  following  exposure  to  Leu-Leu-OMe  with  the  elimi¬ 
nation  of  functional  monocytes.  NK  cells,  and  alloantigen- 
sensitized  CTL,  and  inhibited  the  development  of  CTL  from 
pCTL.  P'urther,  we  found  that  incubation  of  marrow  cells  with 
Leu-Leu-OMe  (even  at  very  high  doses)  did  not  inhibit  autol¬ 
ogous  engraftment  in  recipients  conditioned  with  920  cOy  TBI. 
These  studies  also  demonstrated  that  the  treatment  of  canine 
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Ki-prf'sf-nled  an-  mean  values  ±  .SKM.  ii(itame(l  Inuii  miiiiiple  experiments  in  whieli  triplicate  ('Ft ’-(iM  cultures  were  established  fur  each 
pfiranu'ti'r 
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cryopreservat if)n  was  as  descrilied 


Adso' Jtc  Gronulor.yteS; 


November  198H 


RAFF  E'r  AL 


659 


Doy  pcjt  Tfoispiof’t 

Fk.I  RE  4.  Hemalologic  recovery  in  recipients  conditioned  with  920 
c(jv  TBI  and  infused  with  Leu-Leu-OMe-treated  autologous  marrow. 
Thi  ordinate  indicates  the  absolute  granulocyte  counts  obtained  daily 
posti.'ansplant  until  death  or  recovery  to  the  normal  range  The  shaded 
area  represents  the  normal  range  imean  ±  SDi  of  recovery  observed  in 
lb  dogs  ''onditioned  with  920  c('<y  TBI  and  given  untreated  autologous 
marrow  r'bi. 


marrow  cells  with  Leu-Leu-OMe.  in  a  concentration-dependent 
fashion,  could  reduce  or  eliminate  in  vitro  ('Fl'-fiM  growth. 
This  reduction  could  be  partially  reversed  with  the  addition  of 
unfractionated  autologous  FB.VIC  or  .M0-enriched  PBMf  but 
not  with  Mo-depleted  BBMC  or  autologous  PBMC  treated  in 
vitro  with  Leu-Leu-OMe.  Our  a.ssay  employs  postendotoxin- 
treated  dog  .serum  as  a  source  of  colony-stimulating  factor. 
Reversal  ot'the  effects  of  Leu-f.eu-O.Me  on  growth 

by  monocytes  demonstrated  the  monocyte  dependence  of  this 
CFU-GM  assay  system  and  suggests  that  PROS  does  not  act 
directly  as  a  single  facttir  on  the  granulocyte/macrophage  pro¬ 
genitors. 

Marrows  were  treated  at  two  different  cell  concentrations  in 
anticipation  that  this  procedure  might  l)e  useful  for  allogeneic 
marrow  transplantation  in  large  animals  and  possibly  in  man. 
Reduction  or  elimination  of  various  cells  involved  either  in 
response  to  alloantigen  stimulation  (MIX'.  pCTL.  CTLi  or  N'K 
function  could  be  accomplished  by  treating  f’BMC  or  marrow 
cells  at  2(ixl(l'/ml  with  100(1  p.M  Leu-Leu-OMe.  The  murine 
models  using  1-12-disparate  ^F  marrow  donor/recipient  pair¬ 
ing  showed  that  Leu-Leu-OMe  treatment  could  prevent  acute 
OVHD.  The  resultant  chimeras  developed  normal  cellular  im¬ 
mune  responses  and  showed  donor  and  host -specific  Immuno¬ 
logic  tolerance  (/b'l.  The  cell  concentration  treated  in  those 
studies  was  2X10' /ml.  and  the  highest  concentration  of  Leu- 
Leu-O.Me  used  was  2.')0  uM.  Cell  concentration  directly  influ¬ 
enced  the  concentration  of  Leu-Leu-OMe  required  to  achieve 
a  given  effect.  Thus,  in  the  present  study  when  the  cell  concen¬ 
tration  was  increa.sed  tenfold,  the  concentration  of  Leu-Leu- 
OMe  had  to  be  increa.sed  approximately  fourfold  to  achieve  the 
same  inhibition  of  cellular  immune  functions.  The  potential 
problem  of  larger  cell  numbers  and  expanded  marrow  volumes 
needed  for  the  transplantation  of  larger  animals  can  be  circum 
vented  fiy  increasing  the  concentration  of  Leu-Leu-OMe. 

I)ata  in  the  canine  model  suggest  that  Leu-Leu-OMe  should 
be  explored  furtner  as  a  possible  substi'ute  for  other  currently 
used  methods  of  marrow  'I'  cell  depletion.  It  needs  to  be  deter 
mined  whether  treatment  of  marrow  witb  Leu  Leu  OMe  will 


leave  behind  a  population  of  cells  that  facilitate  engraftment 
and  recovery  of  immunity  while  removing  cytotoxic  T  cells  that 
may  comprise  the  major  population  of  cells  involved  in  the 
development  of  acute  (iV’HD. 
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The  application  of  anti-cyclo-oxygenase  and  anti-prostaglan- 
din  £2  Immunoglobulins  to  A23187-$timulated  rat  connec¬ 
tive  tissue  mast  cells  has  permitted  the  localization  of  cyclo¬ 
oxygenase  aaivity  (prostaglandin  H2  synthetase)  and  the  site 
of  prostaglar'din  £2  (PG£2)  formation  in  the  secretory  gran¬ 
ules.  Because  binding  was  carried  out  after  stimulation  but 
before  dehydration  and  embedding,  we  have  limited  the  loss 
of  these  antigens  due  to  normal  degradation  and  to  aque¬ 
ous  and  solvent  washes.  As  this  method  permits  labeling  of 
exposed  cell  surfaces,  only  granules  that  have  been  exterior¬ 
ized  can  be  labeled.  Contrary  to  what  might  have  been  ex¬ 
pected.  no  labeling  was  associated  with  plasma  membranes 
or  with  any  p>ortion  of  damaged  cells.  Antibodies  to  PGE2 


were  bound  evenly  over  the  surface  of  the  granule  matrix, 
whereas  antibodies  to  cyclo-oxygenase  appeared  to  be  bound 
to  strands  of  proteo-heparin  projecting  from  the  surface  of 
the  granule  matrix.  Where  granule  matrix  had  become  un¬ 
raveled  and  dispersed,  label  appeared  to  adhere  throughout 
the  ribbon-like  proteo-heptarin  strands.  These  results  sup- 
pert  our  previous  conclusion  that  the  secretory  granule  is 
the  site  of  the  arachidonic  acid  cascade  during  exocytosis. 
(  /  Histochem  Cytochetn  37:IS19~15Z8.  1989) 

KtY  WOW»  Cyclo-oxygcnasf;  Prostaglandin  E2;  Secretory  granules; 
Mast  cell;  Exocytosis.  Lipid  mediators,  '.  t.ammation,  Arachidonic 
acid,  Eicosanoids;  Immunocytochemisiry 


Introduction 

It  has  long  been  assumed  that  the  cell  membrane  is  the  source  of 
phospholipid  which  provides  the  arachidonic  acid  required  for  syn¬ 
thesis  of  prostaglandins  and  other  eicosanoids  (1-5)  Eicosanoid  re¬ 
lease  has  also  been  assumed  to  occur  as  a  result  of  cell  and  mem¬ 
brane  damage  (s,4)  However,  membrane  damage  cannot  be  the 
source  for  the  large  pool  of  free  arachidonic  ac  id  required  for  ci- 
cosanoid  synthesis,  as  calcium  lonophore-stimulaicd  release  of  ei- 
cosanoids  from  neutrophils  can  cxcur  without  damage  to  mem¬ 
brane  or  loss  of  cell  function  (6).  In  addition,  macrophages  that 
prtxiute  large  amounts  of  eicosanoids  are  known  to  contain  no  stored 
free  arachidonic  acid  (')  These  contradictions  are  compounded 
when  one  considers  that  phospholipase  A;,  the  enzyme  necessary 
for  arachidonic  acid  release  from  phospholipid,  requires  millimo- 
lar  calcium  concentrations  for  its  activity  (4,8)  This  calcium  re¬ 
quirement  can.iOt  be  met  by  a  membrane  bilayer  source 

Recently,  we  found  that  the  secretory  granules  of  the  mast  tell 
contain  a  large  non-bilayer  phospholipid  store  (';)  During  granule 
activation,  a  portion  of  this  phospholicl  spontaneously  a.ssembles 
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into  vesicles  as  a  result  of  a  water  influx  from  the  cytoplasm  into 
the  granule  (9-11).  Fusion  of  these  newly  assembled  membrane 
vesicles  with  the  perigranular  membrane  enables  the  activated  gran¬ 
ule  to  enlarge  and  its  perigranular  membrane  to  lift  from  the  sur¬ 
face  of  the  granule  matrix  The  contact  and  fusion  of  the  expand¬ 
ing  perigranular  membrane  with  the  plasma  membrane  culminate 
in  exocytosis  (lO-D)  l  ike  many  other  secretory  systems,  the  mast 
cell  also  produces  a  variety  of  lipid-derived  mediators,  such  as 
prostaglandins  and  leukotricnes,  during  histamine  release  (14).  Be¬ 
cause  mast  cell  phospholipid  contains  a  high  concentration  of  ara¬ 
chidonic  acid  (15),  the  remaining  matix-bound  phospholipid  would 
be  a  convenient  arachidonic  acid  source  for  eicosanoid  synthesis 
if  the  enzymes  of  the  arachidonic  acid  cascade  are  also  found  in 
the  granule  To  this  end,  we  have  demonstrated  that  the  mast  cell 
granule  not  only  contains  the  .substrate  for  eicosanoid  synthesis  but 
also  contains  the  machinery  for  rapid  production  of  eicosanoids 
during  granule  activation  (16)  In  this  communication,  we  further 
establish  that  the  granule  is  the  site  as  well  as  the  source  of  eicosa¬ 
noid  production,  by  IcKaliziiig  the  pre.sencc  of  cyclo-oxygenase  and 
Its  product,  prostaglandin  E;  (PGH;)  to  the  granule  matrix  using 
immuncxyttHhcmical  techniques 

Materials  and  Methods 
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FigurB  1  Cycto^ygenase  localization  in  mast  caUs  stimulated  with  A23t87.  fhe  cyclo-oxygenas®  activity  was  focalized  by  using  monoclonal  anti^cyclo-oxyganasa 
antibodies  and  the  resulted  antigen-antibody  complex  was  visualized  ultrastructurally  by  binding  ol  lerritin-con)ugalod  antibodies  The  ferritin  label  was  confined 
to  the  strands  of  proieo-heparin  profecting  from  the  surface  of  the  secreted  granules  Eosinophils  (Es)  showed  no  label  Membrane  vesicles  were  often  seen  in 
association  with  secreted  granules  (arrow)  (A-O)  High-magnificalion  images  of  areas  marVod  a  through  d  Original  magnification  x  10,120,  A-0  x  36,550  Bars 
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Figure  2  Association  of  cyclo-oxygenase  with  vesicles  assembled  from  granule  matrix  phospholipid  The  presence  of  cyclo-oxygenase  activity,  as  visualized 
by  the  ferritin  label,  is  seen  to  decorate  the  secreted  membrane  vesicles  (arrow)  (A-0)  High-magnificalion  images  of  serial  sections  of  the  duster  of  vesicles. 
Note  that  Ihe  damaged  mast  cell  (•)  shows  no  ferritin  label  Original  magnification  x  11.362.  A-0  x  48.375  Bars  =  05  pm 
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Figure  3.  Control  experiment  for  cyclo¬ 
oxygenase  localization  Secreting  mast  cells 
incubated  with  pre-immune  serum  in  place 
of  the  anti-cyclo-oxygenase  antibodies  show 
essentially  no  ferritin  label.  (Ineet)  High- 
magnification  image  of  the  granule  (arrow). 
Original  magnification  x  10.350;  inset  x 
40,850  Bars  =  0.5  pm 


lishcd  prorrdurr  (0).  rxicpi  that  plain  normal  Hank's  balanced  salt  solu¬ 
tion  (HBSS)  was  used  as  a  lavage  buffer  After  one  wash  with  HBSS  and 
centrifugation  at  30  x  g  for  10  min,  mast  cells  were  activated  by  suspen¬ 
sion  in  HBSS  containing  1  pg/ml  A23187  for  5  min  at  20'C  The  reaction 
was  stopped  and  cells  svere  fixed  by  the  addition  of  an  equal  volume  of 
fixative  containing  3%  glutaraldehyde,  100  mM  cacodylate,  and  4  mM 
MgCIz.  After  a  30-min  incubation  at  20’C,  the  cells  svere  washed  three 
times  with  HEPES-buffered  saline  (0.15  M  NaCI  and  20  mM  HEPES.  pH 
6  8)  Each  svash  was  for  15  min  with  gentle  agitation  and  was  followed  by 
a  2-min  1500-rpm  centrifugation  in  a  Beckman  microfuge  12  During  the 
third  wash,  the  cell  suspension  svas  divided  into  aliquots  for  the  various 
intended  experiments  After  centrifugation,  the  cell  pelleis  were  re¬ 
suspended  in  the  respective  antibodies  ot  in  pre-immune  serum  for  ihe 
corresponding  control  experiments 

For  IcKalization  of  cyclo-oxygenase,  the  cells  were  resuspended  and  in¬ 
cubated  for  75  min  with  moncKlonal  mouse  anii-cyclo-cnrygenase  immu 
noglobulin  G|  (Cayman  Chemical;  Ann  Arbor.  Ml)  diluted  to  an  approx 
imate  concentration  of  50  pg/ml  in  HEPES-buffered  saline  containing  20 
fiM  digitonin  (Fluka;  Buchs,  Switzerland)  and  10  mM  E0rA  A  cell  sam¬ 
ple  for  the  corresponding  control  experiment  was  incubated  in  pre-immune 
mouse  serum  diluted  to  50  pg/ml  in  the  same  buffer 

For  localization  of  POE;,  the  cells  were  itKubated  for  75  min  with  poly 
clonal  rabbit  anti-PGEz  immunoglobulin  G  (Oyman  Chemical)  diluted 
to  about  50  Mgftnl  as  for  the  anti-cyclo-axygenase  antibody  Hie  correspond¬ 
ing  control  was  incubated  with  pre-immune  rabbit  serum  at  about  50  pg/ml 


After  incubaiion.  ihe  tells  were  treated  with  three  5  min  washes  in 
HEPES-buffered  saline  to  reir.-we  unbound  antibodies  U>  visiialire  t)ie  im¬ 
munogenic  aciivity  ol  the  cyclo-oxygenase,  both  the  lonttol  and  the  ex¬ 
perimental  samples  were  intubated  with  about  1  mg/ml  femiiti-toniugated 
goat  anti-mouse  Igfi  aniiserum  (Cappel,  West  C.hesiet  PA  I  lot  t'li  min, 
followed  by  three  5-min  washes  with  HEPES-buffered  saline  to  remove  un¬ 
bound  fetriiinated  antiserum  To  visualize  the  PGE.',  ihe  control  and  the 
experimental  samples  were  intubated  with  diluted  ferritin  con)ugated  goat 
anii-rahbii  Igfi  antiserum  (Sigma,  St  l.ouis,  MO  I  for  6ii  min,  lollowed 
by  svashes  to  rid  of  excess  unbound  antibodies  Similarly,  gold-coiiiugated 
antiserum  (Sigma)  was  also  used  in  place  ot  the  ferritin  coniugaied  antisera 
for  iilirasinic mra)  IcKalization  of  PfrE; 

Aliei  a  last  wash  to  nd  the  cells  of  the  unbound  heas  v  metal-toii|ugated 
antisera,  the  sjieiimens  were  osmiialed  for  21)  min  in  1%  osmium  leirox 
ide,  folloivetl  by  routine  dehydration  and  embedding  in  E|)on  X12  accord¬ 
ing  to  established  prexedures  (12)  Unstained  thin  sections  were  examined 
with  a  Phillips  4(HI  iransmission  electron  microscope 

Results 

Cyclo  oxygenase  Localtzatton 

The  application  of  montx  lonal  anti-cyt  lo-oxygcnase  antilxidics  to 
A231H7-stirnulatctl  peritoneal  lavage  cells  perniittccl  the  ulira.siruc  - 
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Figure  4  Localization  of  the  secretory  granule  as  the  site  of  PGE?  production  Mast  cells  were  slimulaled  with  A23187  and  PGEj  was  localized  by  using  a  poly¬ 
clonal  anti-PGE2  antibody  The  resulting  antigen-antibody  complex  was  visualized  ultrastructurally  by  binding  ol  letrilin-con)ugaled  IgG  PGEj  is  conlmod  to  the 
exposed  surface  of  the  secreted  granules  (A-E)  High-magmficaiion  images  ol  areas  labeled  a  through  e  Original  magnification  x  11,730.  A-E  x  34.400  Bars 
=  05  um 


lural  l(Kalizali<)n  ot  ryclo-oxygcnasc  irj  the  set  reiory  granule  of  the 
mast  lell  1  he  assixiatioti  of  cyilo-oxygena.se  with  secreted  mast 
cell  granule  matrix  was  readily  visualized  (f  igure  1 )  AniibiKfy  bind¬ 
ing  was  prominently  lotalizcd  to  the  proieo-heparin  strands  pto)eit- 


ing  from  the  surfaces  of  the  secreted  granules  All  secreted  mast 
lell  granules  were  labeled  Binding  was  not  seen  in  the  interior  of 
the  granules  This  may  indicate  the  inaccessibility  of  the  condensed 
granule  matrix  to  the  antibodies  Dispersed  granules  which  re- 


Figure  5  PGE?  localization  on  unraveled  secreted  granule  Complete  unraveling  of  a  secreted  granule  has  permitted  visualization  ol  PGE?  binding  on  the  ribbon- 
like  proteo-heparin  strand  Bar  at  the  lo«-er  right-hand  corner  -  2  pm  Insets  A.  B.  and  C  correspond  to  areas  a,  b.  and  c  on  the  strand  Even  distribution  ot 
ferrilin  label  on  the  matrix  proteo-hapann  strands  can  be  observed  Ortgmal  magnification  k  5698.  A-C  x  33.325  Inset  bar  *  05  ^m 
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Figure  6  Control  experiment  tor  PGEj  lo¬ 
calization.  Parallel  experiment  in  which 
pre-immune  serum  is  used  in  place  of  the 
polyclonal  anti-PGEj  antiserum  (Inset) 
High-magnilication  ot  the  secreted  granule 
(arrow)  Original  magnificatxjn  x  13570,  in¬ 
set  X  24,725  Bars  =  05  um 


inaincd  within  the  ll)nflnt■^  ot  the  it  ll  but  which  were  in  conintu- 
nication  with  the  outside  via  a  pore  olten  had  little  ot  no  label 
No  cyt  lo-(>xyf;ena.se  was  localized  to  the  plasma  membranes  ot  anv 
tell  type  present  in  the  lavage. 

The  lipid  nature  of  the  granule  contents  could  be  seen,  to  a 
limited  extent,  with  the  appearance  ot  a  single  vesicle  adiacent  to 
a  secreted  granule  (higute  lA)  It  became  more  apparent  in  l  igure 
2,  where  a  large  cluster  ot  vesicles  was  a.ssocialed  with  a  partiallv 
secreted  mast  cell  this  mass  ot  vesicles  was  prominently  labeled 
tor  ( yt  lo-oxygenase.  especially  in  tlie  intervesic  tilat  legions  ot  tlie 
ma.ss 

A  control  cell  which  received  pre-immune  serum  rather  than 
anti-cvclo-oxvgenase  antibodies  is  shown-in  t  igure  ’i  I  he  abseme 
of  label  on  the  secreted  granules  ot  the  control  cells  ilkisirated  the 
speciticiiv  ot  the  antigen  antibodv  reaction 


Prosta^/andin  Localizjtum 

The  application  ot  (lolyc  tonal  anti-l’CiT:  antibodies  to  ,A2slH'- 
stimulated  peritoneal  lavage  cells  has  established  itie  mast  cell  gtan- 
ule  as  the  silt  of  P(iK;  synthesis  during  histamine  release  (l-igure 
4)  All  setreicd  mast  cell  granules  were  labeled  Alihotigh  oilier 
granule-containing  tell  types  were  present  at  the  lavage,  iticludttig 


eosmopliils  and  ncuttophils,  these  tells  did  not  appear  to  hast-  un¬ 
dergone  secretion  and  were  generally  not  assixiated  with  P(ib:  la 
bel  Antibodv  binding  was  ptedominantlv  localized  to  the  periph- 
erv  ol  the  sec  reted  gtan  tiles  Tnlikc  the  cve  lo-oxygenasc  label  whic  h 
was  apparent  on  the  proieo  heparin  pro|eciioiis  from  the  granule 
matrix  the  PtiF,’  label  was  distributed  evenlv  and  m  a  more  con 
ttnuous  fashion  on  the  surface  of  the  matrix  This  suggests  a  strong 
hvdrophobii  interaction  between  the  PCiF:  and  the  hvdtophobic 
components  ol  the  matrix 

It  IS  not  uncommon  to  find  extrudecJ  granules  that  have  be¬ 
come  so  ciispersed  and  unraveled  that  they  reveal  then  proteo- 
heparin  cotes  as  being  made  up  ol  long  tibbon-like  sitancis  tP) 
A  (loriioli  ol  an  unraveled  gianule  can  be  seen  in  figutes  “i.N  "it 
I  he  adherence  ot  the  label  throughout  the  strand  indicates  that 
much  of  the  newly  synthesized  prostaglandin  remains  bound  to 
the  gtani’lc  matrix  long  alter  the  extrusion  ot  the  granule  We  never 
observed  any  gradient  ot  labe  l  in  assoc  lation  with  the  granule  ma¬ 
trix  Fhe  label  was  always  iighllv  asscH  lated  with  the  matrix  pro¬ 
tein  and  did  not  appear  to  ditiuse  from  this  hound  state 

Kesults  of  the  control  experiment  in  which  cells  received  pre- 
immune  serum  rather  than  P(iF.'  antibodies  can  be  seen  in  Fig- 
tite  (i  I  he  absence  ol  label  in  the  control  sample  lends  ctedetice 
III  the  results  I  he  localizaiion  ot  both  the  i  vt lo-oxvgenase  and  ns 
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Figure  7  Ultrastructural  visualization  of  PGEj  antigen-antibody  complex  using 
a  gold-conjugated  antibody.  Parallel  experiment  as  in  Figure  4.  except  that  a 
gold-conjugated  IgG  antibody  was  used  in  place  of  the  ferritin-conjugated  one 
for  visualization  of  PQEz  Like  the  ferritin  label,  the  gold  label  is  also  confined 
to  exposed  surfaces  of  secreted  granules,  especially  in  areas  where  the  gran¬ 
ule  IS  more  dispersed  and  accessible  to  label  penetration  Original  magnifica¬ 
tion  X  34.425.  Bar  -  05  iim. 


produit.  PGEj.  further  supports  the  ionilu.>ion  that  the  scirctory 
granule  is  the  site  of  the  araihidonii  and  cascade  during  exocytosis. 

Analogous  experiments  which  substituted  the  fcrritin-ronjugatcd 
antiserum  with  a  gold-conjugated  antiserum  in  the  second  anti¬ 
body  incubation  were  also  carried  out  1  he  results  were  in  agree¬ 
ment  with  those  using  ferritin-conjugated  antibody  for  visualiza¬ 
tion  of  the  antigens  figure  7  shows  a  typical  result  using  the 
immuriogold  method  for  liKalization  of  Pfifj 


Discussion 

In  agreement  with  our  previous  hicKhemical  evidence,  oiii  c  urreni 
ultrastructural  results  also  confirm  the  faci  that  the  sec  retorv  gran 
ule  of  the  mast  cell  is  the  sue  of  cyclooxygenase  atiiviiy  and 
prostaglandins  synthesis  during  exocytosis  Because  we  applied  an 
tibodies  to  secreting  whole  tells,  the  labeling  was  limned  to  ex¬ 
posed  surfaces  I’he  fad  that  only  the  matrices  of  the  sec  retecl  gran 
ules  were  labeled  (figures  1,  ■).  5.  and  '’)  implies  the  presence  of 
an  eii osanoitl-synthetic  machinery  in  the  secretory  granult- 
(.ontrary  to  what  might  have  been  expected,  cell  plasma  mem 
branes  were  never  labeled  with  either  eye lo-oxygena.se  or  P(if..’  ac 
tivity  Disrupted  cells,  broken  or  damagetf  as  a  result  of  handling. 


also  gave  no  evidence  of  cyclo-oxygenase  ac  tivity  or  PGEj  Icx  aliza- 
tion,  even  though  the  antibodies  often  had  access  to  internal  cyto¬ 
solic  locations  (Figure  2). 

Prostaglandin  Ez  appeared  to  be  bound  to  the  granule  matrix 
even  when  the  granule  was  unraveled  (Figure  5).  Since  PGEi  is  very 
hydrophobic,  as  evidenced  by  its  low  solubility  in  svater,  much  of 
it  may  have  remained  bound  to  the  hydrophobic  matrix  af  ler  secre¬ 
tion.  Many  cells  of  the  immune  system,  such  as  neutrophils  and 
macrophages,  arc  rapidly  attracted  to  secreted  mast  cell  granules 
because  their  secretion  is  assex  iated  with  the  production  of  the  so- 
called  “slow-reacting  substances  of  anaphylaxis"  (SRSA).  These 
SRSA,  which  are  primarily  leukotrienes,  arc  potent  leukocyte  che¬ 
moattractants.  In  Figure  8,  a  granulocyte  appears  to  be  phagocytos- 
ing  a  labeled  mast  cell  granule.  Since  the  cicosanoids,  as  represented 
by  PGEi,  remain  bound  to  the  granule  matrix  via  hydrophobic  in¬ 
teraction,  it  seems  possible  that  these  bound  lipid  mediators  may 
confer  a  signal  to  the  phagocytosing  cells  by  activating  their  cell 
surface  receptors  at  the  points  of  contact.  The  phagocytosis  of  the 
granule  matrix  would  result  in  formation  of  a  lysosomc  which  con¬ 
tains  lipid  mediators.  However,  it  is  also  conceivable  that  mediator- 
containing  vesicles,  such  as  some  of  those  shown  in  Figure  2,  may 
fuse  directly  with  a  target  cell  on  contact.  Their  fusion  would  result 
in  the  direct  release  of  lipid  mediators  into  the  cytoplasm  of  the 


r igure  8  Phagocytosis  of  fernlm  iabeled  secreted  mast  cell  granule  by  granu 
locyte  A  granulocyte  is  seen  m  the  process  of  phagocytosing  a  mast  cell  gran 
ule  (arrow)  which  has  been  labeled  with  ferntm  for  PGE^  activity  Ongmal  mag¬ 
nification  w  10.800  Bar  Ti  1  iim 
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target  cell.  The  internalization  of  non-membrane-dclimitcJ  medi¬ 
ators  opens  up  the  possibility  of  some  yet  unknown  intracellular 
functions  for  the  lipid  mediators.  A  role  of  arachidonic  acid  me¬ 
tabolites  as  intracellular  mtxlulators  of  K*  channel  has  been  recently 
suggested  (18). 

Previously,  cicosanoid  synthesis  was  considered  to  originate  from 
membrane  phospholipid  (l-‘').  with  damage  to  these  membranes 
as  the  event  that  made  phospholipid  available  for  eicosanoid  syn¬ 
thesis  Our  results  indicate  that  prostaglandin  formation  may  ac¬ 
tually  be  the  result  of  receptor-mediated  granule  exotytosis.  The 
coupling  of  granule  activation  to  triggering  of  the  arachidonic  acid 
cascade  explains  why,  for  the  mast  cell,  the  initial  time  course  of 
histamine  release  closely  parallels  the  time  course  for  prostaglan¬ 
din  production  (14,19).  This  explanation  is  also  consistent  with  the 
coincident  production  of  eicosanoids  with  the  process  of  secretion 
in  other  secretory  systems  (20,21). 

In  the  eicosanoid  biosynthetic  cascade,  the  first  requirement 
for  the  synthesis  of  prostaglandins  is  availability  of  phospholipid. 
In  the  mast  cell  granule,  this  is  easily  met  by  the  existence  of  a 
large  non-bilayer  phospholipid  store  bound  to  the  granule  matrix 
(9)  1  he  second  requirement  is  a  phospholipase  to  liberate  the  ara¬ 
chidonic  acid  from  the  phospholipid  Since  arachidonic  acid  is 
usually  esterified  in  the  sn-2  position  of  phospholipid  (7).  the  pres¬ 
ence  of  a  phospholipase  A;  is  implied.  The  existence  of  a  phos¬ 
pholipase  A;  in  the  mast  cell  granule  has  now  been  verified  in  out 
laboratory  (submitted  for  publication)  In  fact,  the  formation  of 
PGEi  from  endogenous  granule  phospholipid  detected  here  by 
using  a  specific  antibody  to  PGE’  is  in  itself  strong  evidence  for 
the  presence  of  a  phospholipase  A:  in  the  granule.  This  phospholi¬ 
pase  A’,  like  that  found  in  the  pancreas  and  in  the  macrophage, 
requires  high  calcium  concentrations  for  its  activity  (4.8)  This  re¬ 
quirement  can  be  easily  met  in  the  granule  (22).  but  not  by  a  mem¬ 
brane  bilayer  source  The  phospholipase  Az  of  macrophage  gran¬ 
ules  was  assumed  to  be  bound  to  the  granule  membrane  (4)  In 
the  mast  cell,  our  studies  suggest  that  it  is  bound  to  the  granule 
matrix  instead  The  third  requirement  in  the  pathway  is  the  pres¬ 
ence  of  a  t yclo-oxygenasc,  the  topic  of  this  study,  to  catalyze  the 
conversion  ot  arachidonic  acid  to  PGE:  Current  theory  had  also 
placed  this  enzyme,  along  with  other  key  enzymes  of  the  cascade, 
in  or  on  the  plasma  membrane  However,  it  should  be  pointed  out 
here  that  fragmented  granule  matrix  components  can  be  easily 
sedimented  with  the  microsomal  fraction  at  lOO.OOf)  x  g  There¬ 
fore.  It  is  possible  to  confuse  granule  matrix  components  with  mem¬ 
brane  componcnis  This  confusion  becomes  more  obvious  in  ex¬ 
periments  involving  the  use  of  fragmented  cells  or  tissues  as  starring 
materials  Our  observations  indic  ate  that  cytlo-oxygcna.se  is  tightly 
bound  to  the  matrix  of  the  secretory  granule,  where  a  large  amount 
of  phospholipid  IS  stored  All  these  points,  taken  togethei.  suggest 
that  the  secretory  granule  contains  all  ihc  necessary  ingredients  to 
function  as  an  eicosanoid-produc  ing  entiiy  during  granule  cxckv- 
tosis 

There  are  many  inconsisicnties  surrounding  the  luireni  dogma 
which  places  the  prosiaglandin-synihcsizing  machinery  on  ihe 
plasma  membrane  Aside  from  the  ddficuliy  of  coping  wiih  ihe 
consequence  of  placing  many  cnembrane-desirut live  enzymes  on 
the  plasma  membrane,  this  concept  also  provides  no  credible  ex¬ 
planation  of  how  hydrophobic  products  such  as  prostaglandins  i  an 


be  released  from  their  hydrophobic  membrane  environment  dur¬ 
ing  exocytosis  More  serious  challenge  to  this  dogma  ensues  after 
the  identification  of  a  key  enzyme  in  the  cascade,  prostaglandin 
D-isomerasc.  being  a  cytosolic  enzyme  instead  of  an  expected  mem¬ 
brane  enzyme  (23).  This  difficulty  of  placing  the  cyclo-oxygenase 
complex  on  the  plasma  membrane  while  the  D-isomerasc/synthe- 
tase  is  in  the  cytosol,  has  been  pointed  out  by  Giles  and  Leff  (24). 
Furthermore,  the  use  of  immunocytcxhemical  technique  also  failed 
to  demonstrate  the  presence  of  cyclo-oxygenase  on  the  plasma  mem¬ 
brane  (23).  Our  present  finding  of  localizing  both  the  substrate 
and  the  necessary  enzymes  of  the  cascade  to  the  secretory  granules 
not  only  tan  overcome  the  difficulties  facing  the  current  dogma 
but  also  can  provide  the  physical  basis  for  linking  of  granule  activa¬ 
tion  to  the  production  of  eicosanoids  during  excKytosis  (16). 

We  now  understand  that  stimulus  in  the  form  of  trauma,  infec¬ 
tion,  or  radiation  causes  certain  cells  to  secrete  and  thus  produce 
various  lipid  mediators  which  can  initiate  an  inflammatory  response. 
Many  of  these  mediators  are  also  potent  chemotactic  factors.  The 
involvement  and  the  recruitment  of  the  cells  of  the  immune  sys¬ 
tem  into  the  site  of  inflammation  usually  results  in  tissue  destruc¬ 
tion.  Under  physiological  conditions,  the  process  of  inflammation 
is  self-contained  in  the  sense  that  the  release  of  a  deleterious  medi¬ 
ator  eventually  elicits  the  release  of  opposing  factors  via  a  feedback 
mechanism.  This  line  of  thinking  is  consistent  with  the  concept 
of  Chandler  and  Fulmer  who  suggested  that  the  inflammation- 
promoting  eicosanoids  arc  released  to  initiate  an  inflammatory  re¬ 
sponse  and  that  this  inflammatory  state  is  later  terminated  by  the 
release  of  immunosuppressive  eicosanoids  (26).  Many  studies  on 
the  roles  of  eicosanoids  in  the  mechanism  of  inflammation  and 
how  they  interact  with  the  various  lymphokines,  helper  cells,  and 
suppressor  cells  to  elicit  a  specific  immune  response  have  been  pub¬ 
lished  (27-  30)  The  localization  of  the  site  of  eicosanoid  produc¬ 
tion  to  the  secretory  granule  and  the  linking  of  their  production 
to  the  process  of  secretion  will  lead  to  a  better  understanding  of 
the  meciianism  of  inflammation  and  open  the  way  to  snecific  ma¬ 
nipulation  of  the  immune  system 
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Compared  to  saline-injected  mice  9  days  after  6.5  Gy  irradiation,  there  were  twofold  more 
Day  8  spleen  colony-forming  units  (CFU-S)  per  femur  and  per  spleen  from  B6D2F1  mice  ad¬ 
ministered  a  radioprotective  dose  of  human  recombinant  interleukin- 1 -n  (rIL-1 )  20  h  prior  to 
their  irradiation.  Studies  in  the  present  report  compared  the  numbers  of  CFU-S  in  nonirradiated 
mice  20  h  after  saline  or  rIL-1  injection.  Prior  to  irradiation,  the  number  of  Day  8  CFU-S  was 
not  significantly  different  in  the  bone  marrow  or  spleens  from  saline-injected  mice  and  rlL-l- 
injected  mice.  Also,  in  the  bone  marrow,  the  number  of  Day  1 2  CFU-S  was  similar  for  both 
groups  of  mice.  Similar  seeding  efficiencies  for  CFU-S  and  percentage  of  CFU-S  in  S  phase  of 
the  cell  cycle  provided  further  evidence  that  rIL-1  injection  did  not  increase  the  number  of 
CFU-S  prior  to  irradiation.  In  a  marrow  repopulation  assay,  cellularity  as  well  as  the  number 
of  erythroid  colony-forming  units,  erythroid  burst-forming  units,  and  granulocyte-macrophage 
colony-forming  cells  per  femur  of  lethally  irradiated  mice  were  not  increased  in  recipient  mice 
of  donor  cells  from  rIL-1 -injected  mice.  These  results  demonstrated  that  a  twofold  increase  in 
the  number  of  CFU-S  at  the  time  of  irradiation  was  not  necessary  for  the  earlier  recovery  of 
CFU-S  observed  in  mice  irradiated  with  sublethal  doses  of  radiation  20  h  after  rIL-l 
injection.  <  IW  Academic  PreM.lm 


INTRODUCTION 

Previous  studies  demonstrated  that  more  mice  survived  after  exposure  to  otherwise 
lethal  doses  of  y  radiation  or  cytoxan  if  they  had  been  administered  a  single  injection 
of  recombinant  interleukin- 1  (rIL-1 )  1 8-24  h  before  these  hematopoietic  suppressive 
treatments  ( 1-5).  Associated  with  the  increased  survival,  there  was  an  earlier  recovery 
of  mature  cells  in  the  blood  and  hematopoietic  colony-forming  cells  in  the  bone  mar¬ 
row  (2-5)  Similarly,  an  earlier  recovery  of  CFC  was  observed  in  mice  administered 
rIL-1  prior  to  sublethal  doses  of  radiation  (i,  4).  The  physiological  mechanisms  pro- 
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moling  the  earlier  recovery  of  CFC  after  irradiation  of  mice  pretreated  with  rIL-1  are 
not  well  understood. 

In  mice,  assays  for  spleen  colony-forming  units  (CFU-S)  have  provided  useful  and 
sensitive  measurements  of  damage  and  recovery  of  bone  marrow  cells  after  irradia¬ 
tion  (6,  7).  However,  CFU-S  represent  a  heterogeneous  population  of  cells  that  varies 
in  time  of  appearance  (5),  cell  cycling  characteristics  ( 7,  9.  10).  and  potential  for  self¬ 
renewal  (7,  I],  12).  These  .subpopulaiions  of  CFU-S  have  been  shown  to  differ  in 
their  tissue  distribution  (7,  1 1- IS),  radioprotective  ability  after  transplantation  {11. 
14).  and  sensi.ivity  to  irradiation  (9,  /('.  IS.  15-17).  Neta  ei  al.  (18)  demonstrated 
that  injection  of  murine  rlL-1  induced  an  increase  in  the  number  of  endogenous 
CFU-S.  However,  they  reported  that  th.'  increase  in  endogenous  CFU-S  observed 
after  rIL-l  injection  was  not  necessarily  predictive  of  radioprotection  (18).  Others 
demonstrated  that  an  increase  in  the  number  of  endogenous  CFU-S  is  not  always 
correlated  with  earlier  bone  marrow  recovery  or  increased  survival  (19-21).  Determi¬ 
nations  of  the  effect  of  rIL-1  injection  on  the  number  and  cell  cycle  status  of  other 
populations  of  CFU-S  may  be  useful  in  further  delineating  the  mechanisms  responsi¬ 
ble  for  the  earlier  hematopoietic  recovery  that  occurs  after  irradiation  of  rIL-i -in¬ 
jected  mice. 

The  studies  in  the  present  report  were  done  to  investigate  the  changes  in  CFU-S 
number  and  the  proportion  of  CFU-S  in  S  phase  of  the  cell  cycle  in  tissues  of  normal 
mice  that  had  occurred  by  20  h  after  a  single  injection  of  a  radioprotective  dose  of 
rlL-1.  Data  in  an  earlier  report  demonstrated  that  150  ngrIL-1  from  the  same  stock 
solutions  as  used  in  the  present  studies  increased  the  number  of  B6D2FI  mice  that 
survived  after  10.5  Gy  irradiation  from  7  ±  13.1  to  85  ±  T.!'”!  (4).  .Mso.  compared 
to  saline-injected  mice,  there  was  an  earlier  recovery'  of  erythroid  and  granulocyte- 
macrophage  hematopoietic  colony-forming  cells  in  the  bone  marrow  of  rlL-1  in¬ 
jected  mice  8  days  after  6.5  Gy  irradiation  (4).  In  the  present  report,  compared  to 
saline-injected  mice,  there  were  twofold  more  Day  8  CFU-S  in  both  bone  marrow 
and  spleens  from  rlL-1 -injected  mice  9  days  after  6.5  Gy  irradiation.  Al  the  time  of 
irradiation,  the  number  and  seeding  efficiency  of  Day  8  CFU-S  and  Day  12  C  FU-S 
were  compared  for  rIL-l-injected  mice  and  salii.e-injected  mice.  The  decrease  in 
CFU-S  after  hy  droxy  urea  injection  was  used  to  measure  the  proportion  of  CFU-S  in 
S  phase  of  the  cell  cycle.  Also,  bone  marrow  cells  from  rIL-1 -injected  and  saline- 
injected  mice  were  assayed  for  their  ability  to  repopulale  the  bone  marrow  and 
spleens  of  lethally  irradiated  mice. 

MATERIALS  AND  METHODS 


.Uuf 

B6D2EI.  or  (C57BI/6J  x  DBA/2)EI.  female  mice  were  purchased  from  Jackson  l.aboralories  (Bar 
Harbor.  ME).  Upon  arrival,  mice  were  mainlained  in  an  AAAl.Ar-ai  crediied  facilili  .  Tbc>  were  housed 
10  per  cage  in  plastic  microisolator  cages  on  hardwood-chip  contact  bedding  and  were  allowed  food  (Wayne 
Rodent  Blox)  and  HCI  acidified  water  (pH  2.A)  ad lihiium  Animal  holding  rooms  were  maintained  at  70 
±  2'F  and  50  *  1(W  relative  humidity  using  at  least  10  air  changes  per  hour  of  KKI'S  condilioned  fresh  air 
and  exposed  to  full-spectrum  light  from  6:(K)  am  to6:(K(  pm.  Upon  arrival,  mice  were  tested  for  /Aci«/omo- 
nas  contamination  and  quarantined  until  test  results  were  obtained.  On  ■  healthy  mice  were  released  for 
experimentation.  Twelve-  to  16-week-old  mice  were  used  for  these  studies.  Research  was  conducted  ac- 
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cording  to  the  principles  enunciated  in  the  '  ( iuide  lor  the  (  are  and  I  se  of  I  ahorators  Animals  "  prepared 
b\  the  Institute  of  l.aborators  Animals  Resources.  National  Research  (  ouncil 

Irraduunm 

Mice  were  exposed  bilateralK  to  -)  radiation  at  a  dose  rate  of(),4()  (i\/min  from  a  ■  radiation  source. 
Mice  received  total-bodv  doses  of  h.  S  (i>  for  subleihal  radiations  studies  and  10  >(l\  for  Cl  I '-S  and  bone 
marrow  and  spleen  repopulation  studies. 

Irfunucnl  iw;/i  Inicriciikin-I  irll  h 

Purified  human  recombinant  ll,-l-<i  a  generous  gift  from  Dr  S.  (illlis  of  Immunex  (.Seattle.  WA).  was 
used  in  these  studies,  fhe  rll  - 1  ( three  ditierent  lots)  was  supplied  in  a  solution  of  phosphate-buffered  saline 
at  pH  7.2  with  a  s[X‘cifK  acliv  il.r  of  7.5  ■  10"  I’  II. -I/mg  protein,  and  aliguots  were  maintained  at  -70°C". 
Immediately  before  use.  stock  solutions  of  rlL-l  were  diluted  with  pyrogen-free  saline  (McCiaw).  In  a 
volume  of  0.5  ml  75.  150.  or  2(KI  ng  was  administered  to  normal  mice  by  intraperitoneal  injection.  The 
mean  body  weight  of  mice  used  in  these  studies  was  27  2.5  g  so  that  the  average  dose  of  rll.-l  was 

approximately  .‘'  6  gg/kg  body  wt.  Control  animals  were  administered  0.5  ml  saline  at  the  same  time. 
Endotoxin  (EPS)  contamination  in  rll  -1  stock  solutions  was  measured  by  the  Liiniilu\  lysate  assay.  On 
the  basis  of  these  results  less  than  0.2  ngof  I  PS  was  administered  per  in  iection 

1‘n'partiiion  ot  (  ell  .S'kv/H'iivkuiv 

.Mice  were  sacrificed  by  cerv  ical  dislocation,  and  the  femurs  and  spleens  were  excised,  (  ells  were  flushed 
from  the  hone  marrow  with  Hanks'  balanced  salt  solution  without  Ca  or  Mg  (HBSS;  (jrand  Island 
Biological  Co.,  (irand  Island.  N’t  )  using  a  syringe  and  25  gauge  needle.  Spleen  cells  were  obtained  by  using 
a  syringe  plunger  to  disperse  spleen  cells  through  a  wire  screen  (Millipore).  Bone  marrow  and  sp'een  cells 
were  then  dispersed  through  a  25  gauge  needle  until  a  single  cell  suspension  was  obtained.  All  cell  concen¬ 
trations  were  determined  by  hemacytometer  counts. 

Bone  A/umm  tinJ  ReiuiiniUilnm  Iwur 

Bone  marrow  cells  from  mice  20  h  after  saline  or  rIL-l  injection  were  diluted,  and  2  ■  10\2  ■  KT,or2 
'  I0"cells  were  infused  intoa  caudal  vein  of  individual  mice  24  h  after  10.5  (ly  irradiation,  lourand  12 
days  later,  bone  marrow  and  spleen  cells  were  assayed  for  ccllularity  and  hematopoietic  colony -forming 
cell  content. 

.1  v.wi'v  l(>r  in  I  'lira  ( 'nlonv-l-onnini’  (  elh 

Granulocyte-macrophage  colony-forming  cells  (GM-CEC)  were  assayed  using  the  double-layer  agar 
technique  basically  as  described  by  Hagan  el  al  (22).  The  culture  medium  was  double  strength  CMRl  - 
1066  culture  medium  (Connaught  Medical  Research  l  aboratory)  containing  10'  ivoTvol)  fetal  calf  se¬ 
rum.  5'7  (vol/vol)  horse  serum,  .‘'ri  Iry  piicasesoy  broth.  0,02  g/ml  i  -asparagine,  and  penicillin-streptomy¬ 
cin.  In  the  bottom  layer  of  ,t5-mm  plastic  petn  dishes  was  I  miota  l;l  mixtureofijltuie  medium  and  1.0'' 
agar  (Bactoagar.  Difco)  containing  lO'/  (vvil/vol)  E-')20  cell  conditioned  medium  as  a  source  of  colony - 
stimulating  activity.  The  top  layer  contained  I  ml  of  a  1:1  mixture  of  culture  medium  and  0  66'.  agar 
containing  bone  marrow  or  spleen  cells.  Cultures  were  incubated  at  .77"(  in  5'.  huniidilied  (  ().  in  air 
After  10  days  of  culture,  colonies  greater  than  50  cells  were  scored  as  GM-(  1  ( 

Determinations  of  erythroid  colony-forming  units (C'ETI-E )  and  erythroid  burst-loiming  units  (BET  -I  I 
were  made  using  a  plasma  clot  culture  system  basically  as  dcssnbed  by  Weinberg  ei  <il  i2()  Iscove's 
modified  Dulbecco's  medium  (Cirand  Island  Biological  Co.)  was  subsiilulcd  lot  ..  mcilium  (  clK  were 
plated  with  0  25  l/ml  (for  Cl  1  -I  I  or  .TO  C/ml  (for  BIT-E I  anemic  sheep  pl.ism.i  sicp  III  erythropoietin 
(Connaught  I  aboralviries.  Inc  .  1  ol  No.  .W'^2-2)  as  (),4-ml  plasma  clots  m  foui-wcH  Nunclonc  culture 
dishes  (Nunc  I  CET  -E  and  BET  -I  cultures  were  placed  into  a  humiditied  C(  inculsati'i  with  5'  (  ()  for 
2.5  and  K  days,  respectively  (  ultures  weic  then  harvested,  fixed,  stained,  and  cv.iUiatcvl  as  desentx'd  bv 
Mel.etxl  el  III  (24). 
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Assay  lor  Spleen  Cdlony-f-'iirminv  I  nils 

Dclerminatjons  o(  CFU-S  were  done  hasically  as  dcseiibed  b>  Till  and  McCulloch  (ft).  Background 
colony  counts  were  determined  from  irradiated  mice  injected  with  HBSS.  An  irradiation  dose  of  10.5  Gy 
was  sufficient  to  reduce  background  Day  8  and  Day  1 2  macroscopic  colonies  to  a  mean  t  SD  of  0.0  ±  0.0 
(n  =  2.1  mice)  and  0. 1  ±  0.4  (n  ,18  mice),  respectively.  In  survival  studies,  the  mean  survical  time  of  mice 
not  transfused  with  bone  marrow  cir  spleen  cells  after  exposure  to  10.5  Gy  radiation  was  1 .1  ±  2.5  days  (n 
=  78).  Cell  suspensions  were  diluted  and  injected  inloa  caudal  vein  of  each  mouse.  After  8  or  12  days,  the 
spleens  were  removed  and  placed  into  Bourn's  fixative,  and  the  number  of  macroscopic  colonies  was 
counted.  Five  to  seven  mice  were  injected  with  cells  for  each  group  in  individual  studies.  I  he  mean  ±  SD 
was  calculated  from  the  mean  CFl  ’ -S  numbers  from  each  group  in  indiv  idual  studies. 


Delerminalion  ol  i  l-  L  -S  Seetliny  lAlu  ieneies 

Twenty-four-hour  seeding  efficiencies  were  determined  for  both  Day  8  and  Day  12  CFU-S  in  bone 
marrow  from  saline-  or  rll.-l-injccted  mice  ( '.  2.''.  2h).  In  these  studies.  Day  8  and  Day  12  CfTJ-S  per 
femur  were  determined  for  saline-  or  rlU-1 -injected  mice.  Bone  marrow  cells  15  «  It)’')  from  the  same 
suspensions  were  also  transfused  Into  another  group  of  6- 10  mice  after  their  exposure  to  10.5  Gy  radiation 
(primary  recipients).  After  24  h.  7.5  ■  I0'’(for  Day  8  CFl)-S)or  1.7  c  IO''(forDay  1 2  CFU-S)  splenic  cells 
from  the  primary  recipients  were  slowly  infused  into  a  caudal  vein  of  mice  exposed  to  10.5  Gy  radiation 
24  h  earlier  (secondary  recipients)  t  he  number  of  colonies  on  spleens  from  secondary  recipients  was 
counted  on  Day  8  or  Day  1 2.  This  number  was  used  to  calculate  the  number  of  CFU-S  per  spleen  from 
primary  recipients.  I  he  percentage  of  bone  mairow  derived  CFU-S  that  had  seeded  into  the  spleens  of 
pnmary  recipients  by  24  h  was  calculated  b\  dividing  CR)-S  rccovercd/spleen  of  primary  recipient  mice 
by  the  number  of  CFU-S  in  tvir-  marrow  cells  from  nonirradiated  saline-  or  rll  - 1  -injected  mice. 


Delerminalion  ofc  'l  l  -S  in  S  I’haseol ihei  'ellC  'eele 

The  percentage  of  C'FU-S  in  S  phase  of  the  cell  cycle  was  determined  basically  as  described  by  Rickard 
e!  al  (2').  Mice  were  administered  4(8)  mg/kg  b<xly  wt  hydroxyurea  (Sigma)  in  Dulbecco's  phosphate- 
buffered  saline  (PBS;  Grand  Island  Biological  Co.)  by  intraperitoncal  injection.  Control  groups  of  mice 
were  administered  PBS  without  hydroxyurea  at  the  same  time.  Tissues  were  a.ssaycd  for  surviving  CFU-S 
2.5  to  1  h  later.  The  number  of  CFU-S  in  hydroxyurea-injected  mice  was  compared  to  the  number  in  PBS- 
injected  mice,  and  the  percentage  decrease  in  C'FT  i-S  after  hydroxyurea  was  calculated  as  the  percentage 
of  CFU'-S  in  S  phase  of  the  cell  cycle  for  rlU- 1  -injected  mice  and  saline-treated  mice. 


Snilisiies 

The  two-tailed  Student's)  test  was  used  to  test  for  significant  differences  in  cellularity  and  colony -forming 
cells  per  tissue  between  groups  of  mice. 


RESULTS 

hfli’ci  ol  rIL-l  on  Early  RcancryolCFi'-S  allir  Suhleihal  Irradiation 

The  number  of  Day  8  CF'l  J-S  per  femur  was  determined  for  mice  exposed  to  a 
radiation  dose  of  6. 5  Civ  20  h  after  saline  or  rIL-1  injection.  Five.  9.  and  12  days  after 
irradiation,  the  number  of  CFU-S  was  twofold  greater  in  bone  marrow  from  rlL-1- 
injected  mice  than  in  bone  marrow  from  saline-injected  mice.  The  values  were  sim¬ 
ilar  to  Day  12  C'FU-S  values  previously  reported  {4).  .Mso,  days  after  exposure  to 
6.5  Gy  radiation,  the  number  of  Day  8  CFU-S/splcen  was  twofold  greater  (P  <  0.01 ) 
for  rIL- 1 -injected  miced  I  1  t  2.1.5)than  for  saline-injccied  mice(55  ±  17.0).  These 
results  demonstrate  that  rll  - 1  injection  induced  an  earlier  recovery  ofC'Fl  !-S  in  both 
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bone  marrow  and  spleens  of  mice  injected  with  150  or  200  ng  rll,-l  20  h  prior  to 
irradiation. 

Number  oj  SpU’cu  C  'oluny-b'onnini;  L  nils  uticr  ill- 1  !  nun  ion 

The  content  of  CFL'-S  was  measured  in  bone  marrow  and  spleens  from  nonirradi- 
ated  mice  20  h  after  saline  or  rIL-1  injection  (Table  1).  The  number  of  Day  8  CFU- 
S/femur  was  not  significantly  dificrent  (P  >  0.05)  for  mice  20  h  after  injection  with 
saline  or  75-200  ng  rlL- 1 .  .Mso.  the  number  of  Day  1 2  CFlI-S/femur  and  Day  8  CFLJ- 
S/spleen  was  similar  for  mice  20  h  after  saline  injection  or  rIL-1  injection.  Seeding 
efficiencies  for  both  Day  8  and  Day  12  CFL)-S  from  the  bone  marrow  of  saline-in¬ 
jected  mice  were  not  significantly  different  from  seeding  efficiencies  determined  for 
CFIJ-S  in  bone  marrow  from  ill  - 1 -injected  mice  (Table  II.X).  fhus  the  number  of 
C'FU-S/femur  after  correction  for  seeding  efficiencies  was  also  similar  for  saline-in¬ 
jected  mice  and  rlL-1 -injected  mice.  These  results  demonstrate  that  rll.-l  injection 
did  not  induce  a  ehangc  in  the  number  or  seeding  efficiencies  of  Day  8  and  Day  12 
CFU-S  in  mice  prior  to  irradiation. 

Pthn  of  rH.- 1  on  Sfusi/n  ilv  of  i  I  '  -S  lo  llvilroxyurtui 

The  decrease  in  CTT'-S  after  hydro.xyurea  injection  was  used  to  determine  the  per- 
centiige  of  CFU-S  that  were  in  S  phase  of  the  cell  cycle  20  h  after  rl  1 ,- 1  injection.  The 
numix'r  and  percentage  of  Day  8  CFT'-S  surviving  after  treatment  with  hydroxyurea 
was  not  significantly  dilferent  for  salinc-injeclcd  mice  and  rll.- 1  -injected  mice  (Table 
IIB).  In  one  study,  the  number  of  Day  12  CFLI-S  sensitive  to  hydroxsurea  was  also 
similar  for  mice  20  h  after  saline  or  rlL-l  injection.  These  results  demonstrate  that  a 
iwoiold  increase  in  the  number  of  CFU-S/femur  in  S-phase  of  the  cell  cycle  20  h  after 
rIL-l  injection  was  not  necessarv  for  the  earlier  reco\er>  of  C'FU-S  observed  in  rlL- 
I  -injected  mice  after  6.5  Gy. 

Rcan  ery  ol  (  olony-l  'onniny  C  ells  alter  Bone  Marrow  Transplanuaion 

In  a  bone  marrow  repopulation  assay,  the  recoverv  of  C'FLI-F.  BFL'-E.  and  GM- 
CFC  was  determined  for  lethally  irradiated  mice  receiving  bone  marrow  cells  from 
saline-injected  mice  or  rl  1.-1 -injected  mice  (Table  111).  Similar  numbers  of  cells  and 
Day  8  CFU-S  from  saline-injected  or  rIL-1 -injected  donor  mice  were  transfused  into 
lethally  irradiated  mice.  Four  and  1 2  days  later,  bone  marrow  cellularity  and  content 
of  colony-forming  cells  were  not  significantly  different  for  either  group  of  recipient 
mice.  Fewer  GM-CFC  per  spleen  were  observed  in  recipients  of  bone  marrow  cells 
from  rIL-1 -injected  donor  mice.  These  studies  demonstrate  that  at  4  and  12  days, 
there  was  no  evidence  that  bone  marrow  cells  from  rll  -1 -injected  mice  accelerated 
hematopoietic  recovery  of  lethally  irradiated  recipient  mice. 

I)1S(  I'SSION 

Data  in  this  report  demonstrated  that  a  single  injection  of  rll  -  I  administered  to 
B6D2F1  mice  20  h  prior  to  sublethal  irradiation  promoted  an  earlier  recov  ery  of  Day 
8  CFU-S  in  the  bone  marrow  and  spleen.  Data  in  this  report  and  a  previous  report 
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TABl  F  II 


Effect  of  rIL- 1  Injection  on  Bone  Marrow  C'FIJ-S  Seeding  Efficiencies  and  Survival 
after  Hydroxyurea  Injection  of  Saline  or  rlL-1  Injected  Mice'' 


I'reatmetU 

h 

Measurement' 

.Saline  mieelinn  ( n) '' 

rll.  l  inieelion  (nj'‘ 

.\.  Seeding  efficiencies 

Day  8  fFU-S 

Day  1 2  CFU-S 

B.  Survival  ol  Day  8  CF'U-S  alter  hydroxyurea 

2.4  ±0.4  (.t) 

.t.  It  0.1  (2) 

2.7  ±  0.7  (.t) 
4.4  ±  0.2  (2) 

injeetion 

.\umbcr/Fcmur(x  |0'| 

Noninjected  mice 

Injected  mice 

Surviving  alter  injection 

4.0±0..t5(.t) 

.t.5  ±0.ft5(.t) 

88  ±4.1 

.t.ftt  0.42(3) 
3.0  ±  0..3ft(3) 
84  ±17.1 

"  B6D2F1  female  mice.  1 2- 1  ft  weeks  old. 

”  Mice  were  administered  0.5  ml  saline  or  150  ng  rll.-l  20  by  ip  injection  20  h  prior  to  administration 
of  hydroxyurea  (400  mg/kg  body  wt)  or  saline. 

'  Cells  were  pooled  from  both  femurs  of  three  mice  per  group  in  each  study.  2.5  to  .1  h  after  hydroxyurea 
injection;  values  represent  the  means  ±  SD  of  mean  values  from  individual  studies. 

Number  of  studies 


(4)  demonstrated  that,  compared  to  saline-injected  mice,  there  were  twofold  more 
Day  8  and  Day  12  CFU-S  per  femur  of  rlL-l -injected  mice  5-12  days  after  6.5  Gy 
irradiation.  Results  in  this  report  further  demonstrate  that  the  earlier  recovery  of 
CFU-S  observed  in  rIL- 1 -injected  mice  was  not  due  to  a  twofold  increase  in  numbers 
of  CFU-S  at  Day  8  or  Day  1 2  or  porportion  of  CFU-S  in  S  phase  of  the  cell  cycle  at 
the  time  of  irradiation.  Also,  in  a  marrow  repopulation  assay,  the  recovery  of  ery- 
throid  and  granulocyte-macrophage  colony-forming  cells  in  bone  marrow  of  lethally 
irradiated  recipients  of  bone  marrow  cells  from  saline-injected  mice  was  similar  to 
the  recovery  in  recipients  of  bone  marrow  cells  from  rIL- 1 -injected  mice. 

In  some  studies,  the  fraction  of  CFU-S  in  injected  bone  marrow  cells  that  lodged 
in  the  spleen  and  proliferated  to  form  colonies  was  decreased  for  populations  ofCFU- 
S  in  S  phase  of  the  cell  cycle  (2<S.  29).  For  example.  24  h  after  endotoxin  injection  the 
number  of  CFU-S  per  femur  was  deereased  by  50%.  but  when  corrected  for  a  lower 
seeding  efficiency  in  the  spleen  (i.e..  f-fraction)  there  was  no  difl'erenee  in  the  number 
of  CFU-S  from  control  and  treated  mice  (29).  In  the  present  studies,  there  was  no 
significant  difference  in  the  24-h  seeding  efficiency  of  Day  8  and  Day  12  CFU-S  in 
hone  marrow  from  saline-injected  mice  and  rlL-l -injected  mice.  In  general,  the  ratio 
of  2-h  seeding  efficiency:24-h  seeding  efficiency  has  been  reptrrted  to  be  approxi¬ 
mately  3:1  (//).  In  the  present  studies,  the  24-h  seeding  efficiency  for  Day  8  CFU-S 
was  lower  than  expected  from  the  13.4''.  2-h  seeding  efficiency  previously  reported 
for  similarly  aged  female  B6D2F1  mice  (JO).  This  lower  value  was  observed  for  both 
saline-injected  mice  and  rIL-1 -injected  mice.  Saline  injection  alone  may  have  stimu¬ 
lated  some  CFTJ-S  into  cell  cycle.  In  one  study,  the  percentage  of  mice  surviving  >30 
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TABLE  111 


Bone  Marrow  Recovery  in  Irradiated  Recipients  of  Bone  Marrow  Cells  from  Mice  20  h 
after  Saline  or  rlL-1  Injection 


••Iv.vur'’ 

(%  o!  normal  values} 

l  ime  alter  iransplanlaiion  and  voiiree 

•>/  iJof}i>r  ivlh'^ 

Hav  4 

l)a\ 

I- 12 

.\Vf  lcHs 

.Saline  donors 

rll.-l  donors 

■Saline  donors 

r!l.- /  donors 

Bone  marrow 

Cells 

.1.4  ±  0.1 

.1.1  +  0.2 

69  +_  25 

75  11 

11 

(.  ft  -E 

.1.8  t  1.1 

4.2  ^  2.4 

117+  1 

140+  12 

12 

BRJ-E 

0..1  +  0.5 

0.5  +  07 

41  1  12 

41  i  4 

0 

GM-CFC' 

1.7  ±  0.7 

0.8  i  0.5 

11 

1  1 

0.1 

.Spleen 

Cells 

6.1  +0.6 

5.7  +  0.2 

94  1  7.8 

90  +  2,7 

5.8 

CFU-E 

8.0  +  6.y 

5.6  +  ,1.0 

605  ±  6 1 

714  t  216 

0 

GM-CFC' 

.16  +  9.6 

l>)-1  r  6.0' 

NI) 

ND 

ND 

B6D2F1  female  mice.  12-16  weeks  old.  were  administered  0..s  ml  saline  or  1 50  ng  rll  -  I .  Bone  marrow- 
cells  (2  >  10'')  from  mice  20  h  after  saline  or  rll  -I  injection  were  injected  into  B6D2EI  mice  that  had 
received  a  radiation  dose  of  10.5  fiy.  CFl)-S  values  in  2  x  10''  cells  from  salinc-injccted  mice  were  620 
-s  84  and  620  t  78;  CITI-S  values  for  2  x  lo"  cells  from  rll.-l-injectcd  mice  were  660  +  262  and  600 
±  l.‘!6. 

Values  are  the  means  t  SI)  of  mean  values  from  two  studies. 

■  Significantly  differ -nt  from  values  for  recipients  of  cells  from  saiine-injecled  mice(/V  0.05' 


days  after  10.5  Gy  irradiation  was  similar  for  noninjccted  mice  ( 1/10).  saline-injected 
mice  ( 1  / 1 0).  and  mice  injected  with  heat-inactivated  rl L- 1  ( 1  / 1 0).  That  study  demon¬ 
strated  that  the  possible  stimulation  of  CFU-S  into  cell  cycle  after  saline  injection  did 
not  result  in  an  increase  in  the  number  of  mice  surviving  after  irradiation.  Similarities 
in  CFU-S  numbers  and  seeding  efficiencies  further  demonstrated  that  a  twofold  in¬ 
crease  in  the  number  of  CFU-S  at  the  time  of  irradiation  was  not  necessary  for  the 
earlier  recovery  of  CFU-S  observed  in  mice  after  6.5  Gy  irradiation. 

Neta  el  at.  (31)  suggested  that  one  possible  mechanism  for  the  radioprotective 
effects  of  rIL- 1  might  be  that  rlL- 1  injection  induces  bone  marrow  cells  into  a  radiore¬ 
sistant  late  S  phase  of  the  cell  cycle.  Reports  on  differences  in  the  radiosensitivity  of 
cycling  and  noncycling  populations  of  CFU-S  arc  not  dehnitive  (9.  10.  13.  /5-/7). 
This  may  be  due  to  the  hetcrogenity  of  CFU-S,  as  well  as  to  the  difficulty  in  establish¬ 
ing  and  maintaining  a  synchronized  population  of  CFU-S  in  vivo  Several  studies 
indicated  that  some  subpopulations  of  CFU-S  in  S  phase  of  the  cell  cycle  were  more 
resistant  to  radiation  injury  than  noncycling  CFU-S  (V.  10.  13).  Dumenil  el  al.  (32) 
demonstrated  that  a  decrease  in  seeding  efficiency  was  not  always  observed  when 
there  was  an  increase  in  the  proportion  of  CFU-S  in  S  phase  of  the  cell  cycle.  There¬ 
fore.  in  the  present  studies,  the  decrease  in  the  number  of  CFU-S  after  hydroxyurea 
injection  was  used  to  determine  the  percentage  of  CFU-S  in  S  phase  of  the  cell  cycle. 
The  decrease  in  the  number  of  Day  8  and  Day  12  CFTJ-S  in  the  bone  marrow  after 
hydroxyurea  injection  was  similar  for  saline-injected  mice  and  rll.-l -injected  mice. 


EFFECT  OF  IL-I  ON  PROGENITOR  CELLS 


109 


Thus,  within  the  limits  of  these  assays,  it  does  not  appear  that  the  twofold  increase  in 
the  number  of  CFU-S  after  6.5  Gy  irradiation  of  rlL-1 -injected  mice  can  be  ac¬ 
counted  for  by  a  similar  increase  in  number  of  CFU-S  in  S-phase  of  the  cell  cycle. 
However,  the  effect  of  rIL-l  injection  on  the  number  of  endogenous  CFU-S  in  S 
phase  of  the  cell  cycle  was  not  investigated  in  studies  for  this  report.  Boggs  and  Boggs 
(10)  suggested  that  the  earlier  hematopoietic  recovery  observed  after  irradiation  of 
endotoxin-injected  mice  was  a  result  of  an  increase  in  the  proportion  of  endogenous 
CFU-S  in  S  phase  of  the  cell  cycle.  Further  studies  of  the  effects  of  rIL-1  injection  on 
cell  cycle  kinetics  of  subpopulations  of  CFU-S  will  be  important  to  further  delineate 
the  mechanisms  for  the  earlier  hematopoietic  recovery  after  irradiation  of  rlL-l-in- 
jected  mice. 

Others  demonstrated  that  CFU-S  in  the  bone  marrow  were  induced  into  cell  cycle 
within  24  h  after  endotoxin  injection  (29).  The  increase  in  the  number  of  CFU-S  in 
S  phase  of  the  cell  cycle  after  endotoxin  injection  might  be  related  to  the  replacement 
of  CFU-S  and  other  hematopoietic  colony-forming  cells  lost  due  to  mobilization  of 
CFU-S  from  the  bone  marrow  to  the  blood  and  the  spleen  early  after  endotoxin  injec¬ 
tion  (29).  In  the  present  studies,  20  h  after  rIL-1  injection,  there  was  no  increase 
in  the  number  of  CFU-S  in  the  spleen  or  in  the  number  of  CFU-S  decreased  after 
hydroxyurea  injection.  Also,  the  numbers  of  endogenous  CFU-S  reported  for  mice 
administered  similar  doses  of  rIL-1  used  in  the  present  studies  were  low  (18)  com¬ 
pared  to  the  numbers  reported  for  mice  after  injection  of  glucan  (.?i)  or  endotoxin 
(19).  These  results  suggest  that  mobilization  of  CFU-S  from  the  bone  marrow  to  the 
spleen  early  after  the  injection  of  the  doses  of  rIL-1  used  in  the  present  studies  was 
minimal.  This  may  be  one  reason  for  the  observations  in  the  present  studies  in  which 
the  number  of  CFU-S  in  S  phase  of  the  cell  cycle  in  the  bone  marrow  was  not  in¬ 
creased  in  mice  20  h  after  rIL-1  injection. 

A  previous  report  demonstrated  that  rIL-1  injection  did  not  prevent  the  expression 
of  radiation-induced  long-term  decreases  in  the  number  of  CFU-S  (4).  Also,  the  num¬ 
ber  of  Day  8  and  Day  12  CFU-S  per  femur  was  similar  for  saline-injected  mice  and 
rlL- 1  -injected  mice  2  and  24  h  after  their  irradiation  (4 ).  Those  studies  demonstrated 
that  rIL-1  injection  did  not  protect  CFU-S  from  radiation  injury  or  decrease  their 
radiosensitivity  (4).  However,  rlL- 1  injection  may  induce  an  increase  in  a  subpopula¬ 
tion  of  CFU-S  with  a  greater  capacity  for  repair  of  radiation  damage.  Studies  by  Till 
and  McCulloch  (J4)  suggested  that  endogenous  CFU-S  have  a  greater  capacity  for 
repair  of  radiation  damage  than  CFU-S  (/O).  Neta  el  al.  (18)  demonstrated  that  rlL- 
1  injection  induced  an  increase  in  the  number  of  endogenous  CFU-S.  However,  an 
increase  in  the  number  of  endogenous  CFU-S  has  not  always  been  associated  with 
earlier  bone  marrow  recovery  or  increased  survival  (79-2/).  Another  possible  mecha¬ 
nism  for  the  earlier  recovery  of  CFU-S  after  irradiation  of  rlL-1 -injected  mice  is  that 
rlL-1  injection  may  induce  an  earlier  recruitment  of  surviving  CFU-S  into  cell  cycle 
after  irradiation,  as  proposed  by  Smith  el  al.  (35)  for  the  radioprotective  effects  of 
endotoxin. 

Manori  el  al.  {3f>.  37)  demonstrated  that  IL-1  containing  supernatants  were  radio- 
protective  when  added  to  T  cells  within  less  than  24  h  after  their  irradiation.  This 
effect  was  related  to  the  induction  of  IL-2  by  IL-1  (37).  In  vHro  studies  demonstrated 
that  IL-1  induced  a  manyfold  increase  in  the  production  of  colony-stimulating  activ- 
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ity  or  factors  for  crythroid,  granulocyte,  macrophage,  and  multipotential  colony¬ 
forming  cells  from  a  variety  of  cell  types  that  include  cells  of  the  hematopoietic  micro¬ 
environment  (SS-42).  For  example,  IL-1  has  been  .shown  to  induce  the  expression  of 
genes  for  granulocyte-macrophage  colony-stimulating  factors,  granulocyte  colony- 
stimulating  factors,  and  IL-6  from  cell  lines  derived  from  endothelial,  fibroblast,  and 
bone  marrow  stromal  cells  {3tS-4!).  The  maximum  amounts  of  colony-stimulating 
factors  occurred  8-48  h  after  addition  of  rIL-l  to  cell  lines  (41).  42).  In  viiro  studies 
demonstrated  that  hematopoietic  functions  of  bone  marrow  stromal  cells,  thought  to 
make  up  part  of  the  hematopoietic  microenvironment,  are  relatively  radioresistant 
(43.  44).  After  radiation  doses  of  1  Gy,  .stromal  cells  still  supported  prolonged 
production  of  GM-CFC  or  produced  granulocyte-macrophage  colony-stimulating 
factors.  Also,  after  exposure  to  500  Gy  radiation,  murine  bone  marrow  stromal  cells 
still  were  able  to  respond  to  endotoxin  by  increased  production  of  colony-stimulating 
factors  (43).  The  production  and  release  of  colony-stimulating  factors  from  accessory 
cells  that  make  up  part  of  the  hematopoietic  microenvironment  may  be  one  mecha¬ 
nism  for  the  earlier  bone  marrow  recovery  observed  in  mice  irradiated  after  rlL-l 
injection. 
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)  i(  .NO  1  1 1  R  M  .  \  KII  s(  Nfx  IKC.  II  \l  I  AM  ( IK.  I'  Bi  KSS  U  .  \\l  i  I’i  I  M  )  I  Sur\  n  j| 

\Mi-r  I  iiial-BiHh  Irradiation  I  I  IliMs  ot  Partial  Small  Bo«cl  Shielding;  11*).  'I' 

04  I  14X41 

I  hi'  '.mall  mli'slini'  ol  thi-  ral  iia'.  shielded  during  loial-hod>  irradiation  I  1  Bl  i  to  eialuate  the 
elieets  ol  radiation  dose  and  length  ol  intestine  shielded  on  sun  nal  Sprague- Daw  lei  rats  iiere 
anesthetized  in  gnuips  ol  Id  I  sing  aseptie  surgical  priK'edures  Sti.  4d.  I'd.  or  Id  cm  or  none  ol 
the  proAimal  or  distal  small  intestine  nere  temporarili  eMeriori/ed  and  shielded  during  irradia¬ 
tion  iiith  photons  Irom  an  l.s  Me\  linear  accelerator  I  ess  than  1 '  ■  ol  the  dose  uas  delnereii 
to  the  shielded  intestines  In  unshielded  animals  deaths  occurred  Irom  Dais  4  to  h  uith  IV  I 
iT  I  '  ( ii  and  Irom  Dais  X  to  mih  4.  |  1.  and  12  (ii  Hoiieier.  in  all  animals  exposed  to  1  ? 
t  ii  iiith  all  or  pan  ol  the  small  intestine  shielded,  sunnal  was  increased  to  K'tnecn  and  4  dais 
shielding  ol' the  distal  small  intestine  iias  mure  eHectue  in  prolonging  suriiial  than  shielding  o( 
the  orovimal  small  intestine  I  he  preiioush  idenlihed  target  ol  radiation  damage  in  the  small 
intestine  is  the  cript  stem  cell  In  this  studi.  the  analisis  of  histological  specimens  ol  shielded 
and  irradiated  small  intestine  suggested  that  humoral  I'aetors  also  inlluence  intestinal  histologi 
and  suniial  alter  irradiation  !  hev  humoral  I'aetors  are  thought  to  originate  Irom  the  irradiated 
NkIi  tissues,  the  shielded  proximal  intestine,  and  the  shielded  distal  intestine  1  urthcr  studies 
are  rest  Hired  ti'  identili  thesi'  factors  and  to  determine  their  minle  of  action  and  then  thera[X'utic 
potential  alter  radiation  damage  to  the  small  intestine 

IMRODl  f  IION 

f  otal-hxHjx  irradiation  ( I  BIl  of'cxpenmcnia!  animals  has  bcpn  studied  to  explore 
treatment  options  lor  Metimsofaeeidental  radiation  exposures  or  lor  patients  in  need 
of  a  bone  marroxs  transplant  ( /).  Dosc-cHect  studies  ol  I  Bl  base  been  reported  in  a 
numbi'r  ol  animal  species  since  IVd,''  i).  There  is  a  threshold  dose  tor  lethalits 
xMth  total-bodx  irradiation  vxhich  x  aries  K’tvseen  six'cies.  Alter  a  1  Bl  dose  just  abxxxe 
the  threshold  dose,  animals  tx*gin  to  die  during  the  second  xseek  postirradiatlon  from 


Supponed  hi  the  Xrmed  I  ones  R.idiohiologx  Research  Insinule  IX'tensi'  Nuclear  Agenci.  under 
tX  ork  t  nils  B  1 1 1’  I  and  in’  \  leus  presenleil  in  this  pa|vr  arc  those  ol  I  he  authors  no  endorsi'menl  hi 
the  Delense  Nucle.ir  Xgenn  has  hecn  gnen  or  should  hi-  inlerred  Resi-arch  iias  conducted  according  to 
the  principles  enunciaird  in  the  tiuide  ol  the  (  are  and  I  sc  ol  I  ahoralori  Animals  prepared  hi  the 
Institute  ol  1  ahoralori  Animal  Reviurces  National  Resc'ariht  ''uncil 
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the  sequelae  of  bone  marrow  aplasia,  i.e..  hemorrhage  and/or  infeelion.  A  further 
inerease  in  TBl  dose  deereases  survival  to  between  4  and  b  days.  At  these  higher  doses, 
death  is  cau.scd  by  intestinal  damage  that  leads  to  fluid  and  eleetrolMe  loss  (./).  After 
very  high  doses  (>  100  G\ )  of  TBl.  death  will  ensue  within  hours  due  to  respiratory 
and  cardiae  arrest  eaused  by  radiation  damage  in  the  central  nervous  system.  1-or 
low-I.FT  TBl.  the  relationship  of  dose  to  survival  isdifl'erem  for  eaeh  speeies.  In  a 
given  speeies.  these  patterns  oeeur  in  elearly  separate  dose  ranges  (4).  Bone  marrow 
transplantation  ean  proteet  an  irradiated  individual  after  low -dose  1  B1  (e  g.,  a  single 
dose  of  ■;  10  CiyT  (.s,  ft).  With  an  appropriate  bone  marrow  transplantation  protoeol. 
surv  ival  will  oeeur  at  twiee  the  dose  that  is  lethal  in  animals  without  transplantation. 
When  1  Bl  is  eombined  with  bone  marrow  transplantation,  the  intestinal  traet  be- 
eomes  the  dose-limiting  tissue  for  aeute  side  efl'eets  of  radiation,  fluid  and  eleetroly  te 
replaeement.  as  well  as  total  mierobiologie  gastrointestinal  deeontamination.  have 
proven  to  be  useful  in  deereasing  radiation-indueed  intestinal  tovieily.  However,  the 
TBl  dose  is  inereased  by  only  1  to  2  Ciy  (i.e..  ^  12..''  Ciy)  (  ’-/ft).  The  erypt  stem  eell 
of  the  small  intestine  has  been  identified  as  a  critical  target  for  radiation  in  jury  of  the 
intestine  (2.  ./).  The  number  or  function  of  crypt  stem  cells  that  survive  radiation  is 
not  readily  influenced  by  currently  available  therapeutic  agents.  Other  studies  with 
intestinal  shielding  during  TBl  appear  to  indicate  that  factors  other  than  erypt  stem 
cells  also  influence  survival  ( //-//)  The  identifleation  of  these  (actors  might  he  use¬ 
ful  tor  the  treatment  of  intestinal  radiation  in  jury  . 

fhe  present  study  was  initiated  in  rats  to  explore  new  pathophysiological  mecha¬ 
nisms  m  aeute  intestinal  radiation  damage. 

M  \  ((RIM  S  \M)  Ml  I  HODS 


Purpow-hral  Sprague- 1  Xiwlfs  rals  P  wtvKsoManJ  uc»j»h»nk*  ^IM)-  uoii*  guarani iih*0  on  anna) 
and  screened  lor  ev  idenee  ol'disease'  and  p>scud»»monas  KMorc  K'lnj*  released  1  l>e\  v^ere  mainUuned  in  an 
\  \  \I  \(  -aeerediled  laeilits  ea^ed  in  pairs  ami  prosided  et'mniereial  rai  f»Mvd  pellcls  and  aeidilied  lap 
wale:  <  pi  I  ^  N  •/</ ///'////n;  Nninial  holdinji  ri>oms  were  maintained  al  '  I  •  \Mlh  •  Iiv,  relali^e 

humidils  usineai  least  IP  air  eliang,es  hours  ol  UK)'  e»>nditioned  Ircsh  au  1  hes  s»»ere  on  a  0-hh^h\ 
dark  lull-spcvlrum  light  e>t.  le  wnh  no  iwiliglii 


l  iifUi 

( leneral  anesihesia  was  maintaifu\l  during  suigieal  procedures  using  Ketamine  1  hdoK  hiorule  '  i  mg, 
kg)  in  coinhinaiuHi  wiih  \\  (a/ine  (IP  mg  kgi  given  in(ramus<.ularl\  and  supplemented  as  needexl  Asepiie 
pTtKevlures  were  used  \  mulline  aKlomm,il  incision  was  mavle.  and  Die  portion  ol  ihe  small  inlesime  lo 
K*  shielded  was  e\terniri/ed  I  feimn  rliage  was  m»i  noi mails  a  pr»>hlem  m  this  surgu  al  pnKedure,  In uv ever, 
it  it  iKcurievt.  4-P  ehromu  gut  suture  material  was  used  to  ligate  Heevling  vessels  I  he  esiei  lon/ed  pt»rtii>n 
i>t  the  intestine  was  lagged  with  yolmed  no.nahsorhable  suture  material  1  he  animal  was  iiiavlialed  as  de- 
senfx’d  IvltHs  \tter  irradiatnui.  the  small  lh»\\el  was  repositioiievl  in  the  aKhiminal  t.a\  iiv  arkf  the  alxiomi- 
nal  wall  was  J»)s^\i  using  single  interrupted  4-p  monohlament  nvion  suluies  I  he  skin  was  closed  with 
clamps  \nesihesia  was  maintained  vlunng  this  entire  time  (a|vpro\imatelv  4P  mini  IVdal  re  ties  was  moni¬ 
tored  to  assure  mainlenaiue  ol  Uileguale  anesthesia  tlepih  \mmals  weie  alKnvevI  to  regain  consy  nuisness 
m  indivulual  uiges  atiei  vaimpletion  ol  the  iria«hation  exposuie  and  suigual  ylosuie  Ihe  intluence  ot 
anesthesia  arul  surgerv  tm  survival  .ifier  I  Ml  was  analvA\l  In  irravliating  ammaK  m  the  same  restraint 
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•  Water  Cooled  Tantalum  Target 

•  18  5  MeV,  550  mA  Beam  Current 
Dose  Rate:  10  Gv  minute  ' 

•60  Average  Photon  Energy 


B. 

Lateral  View 


I  a  -  Acfylrc  Bolus  1  8  cm 
j  b  -  Rat  Holder 
I  c  ^  Exteriorized  Small  Intestine 
d  ^  Lead  Shielding  118  cm  I 
[  e  -  Ionization  Chamber 


I  Ki.  I .  PhxsK'al  sclttp  forcxpttsurc  (o  18  McV  linear  acccliTatord  lNAO 


holders  with  <ir  uiihout  anesthesia.  All  olThe  animals  without  anesthesia  and  some  of  the  animals  under 
anesthesia  did  not  undergo  surgers . 

IrraJitllicn 

An  18  MoV  l.inae  Accelerator  was  used  at  a  dose  rate  of  10  Ciy/min.  A  bremsstrahlung  beam  with  an 
average  energy  ol'h  MeV  was  produced  by  electrons  impinging  on  a  4-mm  water-cooled  tantalum  target. 
The  Jv'se  per  pulse  was  deiermined  prior  to  irradiation  of  each  group  of  animals.  The  restraint  device 
allowed  for  shielding  of  the  e\teriori/ed  portion  of  the  small  intesline  with  18  cm  oflead  during  irradiation. 
Figure  I  is  a  diagram  of  the  physical  setup.  Ten  centimeters  of  the  small  intestine  or  multiples  thereof  was 
shielded  while  the  lemamdei  of  the  rat's  body  was  exposed.  The  following  intestinal  segments  were 
shielded:  the  lirst  10,  20.  or  40  cm  of  the  proximal  small  intestine;  the  last  10.  20.  or  40  cm  of  the  distal 
small  intesline.  the  middle  40  cm  of  the  small  intestine;  or  the  entire  80  cm  of  ihe  small  intestine,  t-  very 
radiation  exposure  was  monitored  by  two  loni/ation  chambers  in  the  held  ihal  were  calibrated  to  the 
midline  dose  in  a  rat  phantom  for  each  irradiation  day.  The  actual  dose  delivered  was  always  within  r  .V : 
of  the  prescribed  dose 

Dose  mcasuremenls  were  made  with  loni/ation  chambers  and  ihermoluminescem  dosimeters  i  IT  Dsi 
placed  in  an  acrylic  rat  ’•hantom.  loni/ation  chambers  were  uwd  to  determine  the  dose  rale  according  to 
Ihe  protocol  esiabli' '  .  .o  I  ask  (iroup  2 1  of  the  Nmerican  Association  of  Plnsicists  in  Medicine  i /4 ), 
The  IT  Ds  were  usee  lo  deiermine  dose  uniformity  and  the  etVectiveness  ol  the  shielding 

lilii'hl/  (  cliv  iillcr  Irniilhttioii 

Rats  remained  in  individual  cages  after  the  irradiation  1  hey  vsere  evalu.ilcd  lor  appetite,  indration. 
health  status,  and  diarrhea  twice  a  day  during  the  normal  work  week  and  once  daily  ihiri  ig  the  vieekends 
Moribund  animals  were  eulham/ed  by  (  <)  iiihalatioii 

Miirfilii’i’h'lrh  IU(//ii;» 

(  oniputeri/ed  morphometric  studies  i Ihoquant  System  IL  ;  R  A;  M  Ihomelncs  Inc  Nasliulle.  IN 
I  l-lgsii  were  pcTlormed  on  tissues  obtained  Irom  moribund  animals  Ihe  siii.ill  inlesimc  samples  were 
taken  at  \  in.  2ll.  4li.  bli.  and  'll  cm  of  an  average  Sti  cm  total  length  I  he  samples  ai  2ii  (prosmial  I  and 
I’ll  cm  I  distal  I  were  scTecled  lor  complele  histological  and  statistical  aii.i  lysis  I  he  l  issues  were  lived  in  III 
buMered  lonnahn.  I  ransverse  sections  were  emix'dded  in  paralhn  I  ive  micron  sections  were  cui  placed 
on  glass  slides,  and  stained  with  hematoxyl  n  and  eosin  At  least  live  slides  per  animal  were  aiiab/ed  lor 
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VKiNFULLE  ET  AL. 


A  Body  Dose* 


Dorsal 


Ventral 


’Separation  Between  Ticks  Is  1  cm 


6.  Intestirt^  Dose** 


#  100% 

^  Mid  Body  Phantom 
1  Open  Field 


’’Separation  Between  Ticks  is  1  cm  TLO  Measurements  m 
PU'stic  Tube 


f  Ui  2.  Relative  diise  vlislnhulion  in  plastic  rat  phantom  in  percentage  of  dove  in  midphantom  using 
intestinal  shielding.  The  same  orientation  is  used  Cor  A  and  B. 


each  sample,  (issues  of  three  or  more  animals  were  uwd  per  parameter.  Onlv  crvpts  containing  viable  cells 
were  counted.  Crvpts  weie  scored  per  millimeter  of  circumference.  Crvpt  ilepth  was  recorded  in  millime¬ 
ters.  Crypt  depth  was  measured  from  the  base- of  the  villus  to  the  muscularis  mucosa.  The  base  of  the  villus 
was  determined  bv  comparing  several  adtacent  villi  and  drawing  an  arbitrary  line  through  the  assumed 
beginning  of  the  villus  and  the  top  of  the  crvpt  Villus  height  and  villus-crvpt  length  were  measured  in 
millimeters  (ell  numbers  were  analv/ed  for  the  combined  length  from  the  bottom  of  the  crypt  to  the  top 
of  the  villus,  because  the  division  between  villus  and  crvpt  was  considered  arbitrary 


RESri IS 


DositfU’lry 

Ddsimetrs  results  are  sumniari/ed  in  l  ig.  2.  I  he  rat's  hods  received  a  htimtige- 
noous  dose  (maximum/minimum  ratio  I  .OX).  I  he  shielded  mtesline  positioned 
more  than  5  mm  from  the  edge  of  the  shield  received  less  ihan  1 7'  ;  of  the  midline 
body  dose. 


Dosc-EIhrt  C  iirvc 

The  l.Ds„  was  10.0  Civ  while  the  1  l)s„  „  was  12. fi  (i>.  Anesthesia  increased  both 
of  these  1. Os, I's  by  approximately  1.0  (iy  d  ig.  3).  I  he  addition  ofsurgerv  decreased 
the  l.Osu  for  the  intestinal  syndrome  death  by  approximately  0..‘'  ( i\ 


RMJIM  ION  AND  SMAI  t  BOWT^L  SHIKLDING 


317 


( i(r  y.  Lcthalilv  altiT  lolal-bodv  irradialion  in  anoMhcti/ed  and  unanesthcti/cd  rats.  Ten  to  20  rats  per 
point.  Solid  eireles  indicate  death  bcTore  Day  6  (intestinal  syndrome).  Open  circles  indicate  death  before 
Das  .^0  (hematopoietic  syndrome).  The  diamond  symbol  indicates  animals  that  died  before  Day  6  that 
reccised  anesthesia  but  no  surgery  The  broken  lines  conned  results  in  rats  that  received  anesthesia  and 
surgery .  The  draw  n  lines  connect  results  in  rats  that  did  not  receive  anesthesia  or  surgery . 


Shieldini’  o1  the  Small  Intestine 

Shielding  of  as  little  as  10  cm  of  the  small  intestine  increased  survival  time  signifi¬ 
cantly  iP  <  0.05).  Shielded  animals  died  between  days  5  and  9  after  TBl  (see  Fig.  4 


Small 


Intestinal 
Shielding  (cm) 

TBl  1 

Dose  IGy) 

0 

9.0 

•if—- 

0 

11.0 

•if— 

0 

12.0 

•if - 

0 

13.0 

if - 

0 

15.0 

if - 

0 

17.0 

if - 

0 

0 

if - 

Proximal  10 

15.0 

if - 

Proximal  20 

15.0 

it— 

Proximal  40 

15.0 

i' - 

Distal  10 

15.0 

if - 

Distal  20 

15.0 

ii— 

Distal  40 

15.0 

if - 

Middle  40 

15.0 

if - 

All  80 

15.0 

Intestinal 

Death 


o 


© 


-Q-. ,  --S. 


Bone  Manow 
Death 


@ 


->8 

->2 


->10 


■^2 


12 


14 


Days  After  Irradiation 


Tn,  4  Mortality  of  irradiated  and  shielded  rats  after  total-body  irradiation.  Ten  to  2(1  rats  per  point. 
Number  of  deaths  per  day  is  circled.  Day  of  death  of  last  animal  is  indicated  by  vertical  mark.  Continuation 
of  survival  is  indicated  by  >mark  and  the  number  of  survivors  to  Day  14  is  indicated 
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VKiM  Ul  t  I  I  T  Al 


1  \m  I  I 


SurM\al  lime  Ilf  Rats  after  I5.lt  (is  Irraiiiatum 


Small  mJcsunc 

S/t/'M’i  //»»/! 

Shifidinii 

Hni) 

(iraitp 

\ 

Mciin  \iir\  t\al 

Uiav\  1  Si.M) 

1  nlirc 

(t 

27 

4.0  -  0.21 

Priiminial 

III 

0,4  •  O.IX' 

l*ro\ini;il 

2(1 

10 

5,0  *  0.20  '” 

PrdMtiial 

4(1 

12 

0,2  +  0.17“ 

OisUil 

1(1 

O..'!  .•  0.2.V' 

Distal 

20 

7.1  .-I).  20-'' 

Distal 

40 

IK 

O.K  S  O.IX-' 

MklUlo 

40 

1  1 

O..!  -  ((..to- 

1  nlire 

SO 

y 

0.2  0.44- 

I  /'  -  (1.051  siitnilieant  Oitlerenee  Iftmi  Oem  (no  shielding). 

'  (  .  o  05l  signilieani  diHerenie  between  shielding  groups 


and  Table  I).  Shielding  of  the  pro.vimal  small  intestine  was  less  effective  than  distal 
shielding.  .A  gradual  increase  in  survival  time  of  shielded  animals  was  noted  with 
increasing  length  of  intestine  shielded.  In  contrast,  the  dose-elfect  TBI  studies  in  un¬ 
shielded  animals  showed  a  discontinuous  distribution  of  survival  times,  i.e..  %  Day  5 
for  intestinal  syndrome  death  and  ^Day  ^  for  hematopoietic  syndrome  death.  The 
sur\  ival  times  ofanimals  in  different  groups  arc  shown  in  Table  I  and  were  compared 
using  a  I  test. 

llisioiHUholo.i’y  ol  Shielded  and  Irradiated  Small  Intestine 

The  highest  number  of  cry  pts  was  found  in  the  unirradiated  proximal  small  intes¬ 
tine.  Shielding  protected  the  cry  pts  in  the  distal  small  intestine  completely  ( 100'’; )  but 
was  less  effective  in  the  proximal  small  intestine  I?.*)''; ).  Proximal  shielding  increased 
survival  of  crypts  in  the  irradiated  distal  small  intestine  by  35';  (Fig.  5.  see  ascending 
arrow  ).  However,  distal  shicldingdid  not  increase  the  number  oferypts  per  millimeter 
in  the  proximal  and  irradiated  small  intestine  (Fig.  5.  see  descending  arrow). 

Proximal  shicldingdid  not  change  crypt  depth  in  the  irradiated  distal  intestine.  In 
contrast,  shielding  the  distal  small  intestine  increased  the  crypt  depth  in  the  irradiated 
proximal  small  intestine  (Fig.  6.  see  arrows).  Crypt  depth  in  the  shielded  distal  small 
intestine  was  significantly  increased  compared  to  the  unirradiated  control  on  Day  6 
(P  <  0.01 ).  However,  this  effect  was  transient  since  it  was  no  longer  observed  on 
Day  7. 

Villus  height  was  greater  in  the  unirradiated  proximal  small  intestine  than  in  the 
unirradiated  distal  small  intestine  (P  «  0.01).  Villus  height  in  the  proximal  small 
intestine  was  decreased  by  irradiation  and  conserved  by  shielding  (Fig.  7).  Distal 
shielding  did  not  alter  villus  height  in  the  irradiated  proximal  small  intestine.How- 
ever.  with  proximal  shielding,  the  villus  height  in  the  irradiated  distal  small  intestine 
was  significantly  (P  ^  C.Ol )  greater  than  the  unirradiated  control  (Fig.  7.  ascending 


RADIATION  AND  SMALl  BOW{;i  SHIHL  DINCi 


319 


Proximal  Small  Intestine  Distal  Small  Intestine 


UnshteWed 

ProKffTiai  40  cm  Shielded  lOav  61 
OiStai  40  cm  Shielded  !0av  61 
tT'71  Middle  40  cm  Shined  lOay  61 
L'-J  Oistal  40  cm  ShtekSed  IDav  7| 

CI3  80  cm  (Entire  Small  Intestine!  Shielded  (Day  71 

Fi(i.  5.  (  n  pis  per  millimeter  length  after  shielding  rat  small  inieMincs  from  1 5  ( J\  toiaUbody  irradiation. 


arrow).  With  distal  shielding,  the  villus  height  in  the  distal-shieldcd  small  intestine 
was  increased  to  200^7  of  the  unirradiated  controfs.  This  effect  appeared  to  be  sus¬ 
tained  until  at  least  Day  7  (Fig.  7.  descending  arrow ). 

Results  were  best  e.xplaincd  by  the  release  of  humoral  factors  (see  Discussion).  Hu¬ 
moral  factors  produced  in  segments  of  the  small  intestine  appeared  to  induce 


Proximal  Small  Intestine  Distal  Small  Intestine 


Unshielded 

Proxtmal  40  cm  Shielded  lDf>v  6) 
m  Otstai  40  cm  Shielded  IDav  6) 

Middle  40  cm  Shielded  IDay  61 
f  I  Oistat  40  cm  Shielded  lOav  71 
do  80  cm  (Entire  Sm^  Intestme)  Shielded  (Day  7) 


FiCi.  6.  (  r>pt  ileplh  in  millimeters  after  shiekling  rat  small  intestines  from  I  .s  (i\  toial-b(xl>  irradiation. 
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Proximal  Small  Intestine  Distal  Small  Intestine 


UoshieWed 

tL  VI  PfOKimal  40  cm  Shielded  (Day  61 
Distal  40  cm  Shielded  iDav  6! 
r;-;i  Middle  40  cm  Shielded  lOay  61 
Distal  40  cm  Shielded  lOay  71 
CSS  80  cm  lEntire  Small  intestine)  Shielded  IDav  7| 

i  Ki.  7,  Villus  height  in  millmK-lors after  shiL'Iding rat  small  inieslmcs  Irom  l?fi>  lolal-Kid>  irradiation. 


cell  replication  in  the  small  intestine  (Fig.  8.  see  arrows).  Humoral  factors 

relca.sed  by  the  ti.ssues  that  were  /m/rZ/Vr/cJ  influenced  the  v/z/c/rAv/ distal  small  intes¬ 
tine.  The  cell  number  in  shielded  distal  small  intestine  was  decreased  compared  to 
unirradiated  controls  (Fig.  8).  whereas  the  villus-crypt  length  in  the  same  tissue  was 


Proximal  Small  Intestine  Distal  Small  Intestine 

160 

Q. 

g  120 

(O 

3 

^  80 
E 
£ 

^  40 
<u 
O 

0 

t  1  Control  ISham  Irradtal^l 
Unshielded 

Pto*«mai  40  cm  Shielded  lOav  61 
CT!!!!!!  Distal  40  cm  Shielded  lOav  61 
Cv^  Middle  40  cm  Shielded  lOav  61 
<  i  Distal  40  cm  Shielded  fOav  7| 

CSS  80  cm  (Entire  Small  Intestine)  Shielded  IDav  7| 

Ik.  S  Number  of  iclls  per  villus  lo  irypl  longlh  afk'r  shielding  ral  small  intesiines  from  I  s  ti\  loial- 
NkI)  irradialion.  /’salues  apply  lo  labeled  bars  in  the  same  analomieal  liKalion  only 
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Proximal  Small  Intestine  Distal  Small  Intestine 


fZI  Conttol  (Sham Irradiated) 
r^v-j  Ur>shieioed 

PfOKimal  40  cm  Sh»eWed  (Day  6 1 

i _ Distal  40  cm  Shielded  (Day  6) 

Mtddle  40  cm  Shielded  (Day  61 
LT-J  Oistal  40  cm  Shielded  IDav  7) 

CIS  60  cm  lEriiHe  Small  Intestine)  Shielded  [Day  7) 

f  Kt,  ^  \  illus  (o  cr>p(  Ic’ngih  after  shielding  rat  small  intestines  from  15  (i>  ti>tal-K>ds  irradiation.  P 
salucs  appl>  (o  labeled  areas  m  the  same  anatomical  Itxation  onJ\ 


increased  compared  to  unirradiated  controls  (Fig.  9.  see  arrow  l.  indicating  that  cell 
si/e  had  increa.scd. 

In  summary,  the  supportive  evidence  that  the  shielded  pro.ximal  small  intestine 
intluenced  the  irnidiated distal  small  intestine,  prohahly  hy  relca.se  ofa  humoral  fac¬ 
tor  was  (a)  accelerated  regeneration  of  crypts  (Fig.  5);  (b)  increased  villus  height  (Fig. 
7);  and  (c)  increased  cell  number  (Fig.  8).  Similarly,  that  the  shielded  distal  small 
intestine  inDuenced  the  /m/t/umt/ proximal  small  intestine  was  indicated  by  (a)  in¬ 
creased  crvpt  depth  (Fig.  6)  and  (b)  increased  cell  number  (Fig.  8).  Humoral  factors 
released  by  /ma/n/rcr/ tissues  appeared  to  increase  cell  si/'c  in  the  shielded disla]  small 
intestine  only  (Figs.  8  and  9), 

Dl.St  l'S.SK)N 

Shielding  the  small  intestine  from  radiation  improved  survival  and  resulted  in 
changes  in  the  intestinal  mucosa.  Ihcsc  studies  required  the  use  of  anesthesia  (Keta¬ 
mine  and  Xyla/inc)  which  introduced  a  dose-modifying  factor  of  approximately 
1.1.“'.  The  l.Dsd  (II  and  the  LD^i  i.  for  mice  restrained  during  FBI  without  anesthesia 
are  also  higher  than  for  unrestrained  animals.'  The  radioprotectiv  e  elfecl  of  anesthe¬ 
sia  or  restraint  has  been  attributed  to  various  mechanisms  which  include;  (i)  modula¬ 
tion  of  tl  e  central  nervous  system;’  (ii)  the  induction  of  hypoxia  in  cells;  and  (iii)  a 
direct  radioprotective  etfcct  (15.  i6).  In  contrast.  radioA<7rw//cu//>'//  bv  anesthetic 

1 1  J  Kci/cr.  f’riiltMion  ol  lii’iiialopiMclic  .Su-in  <  Vlls  dtmngCvMIoMi.  I  rcalmonl  I’h  D.  ihcsis.  Stale 
I  ni\ersit>  nl  I  eiden. 
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agents  has  also  been  observed  in  normal  and  malignant  tissues  in  mice  ( /  7-19).  There 
is  a  need  for  further  clarification  of  the  interactions  between  anesthesia  and  radiation. 

Shielding  the  small  intestine  from  radiation  increases  the  survival  time.  Data  in 
Fig.  4  indicate  that  intestinal  shielding  changed  the  time  of  death  of  rats  given  1 5  Gy 
TBl  to  a  period  midway  between  the  classic  intestinal  syndrome  t4-6  days)  and  the 
classic  hematopoietic  syndrome  (9-30  days).  If  the  intestinal  crypt  stem  cells  were 
the  only  determinant  of  survival  after  TBl,  shielding  of  the  small  intestine  should 
increase  survival  into  the  range  associated  with  hematopoietic  syndrome  (3^9  days) 
as  soon  as  enough  crypt  stem  cells  arc  shielded.  However,  since  this  was  not  observed, 
factors  other  than  the  intestinal  crypt  stem  cells  appear  to  influence  survival.  The 
survival  times  obtained  in  shielded  animals  in  our  experiments  arc  similar  to  those 
observed  by  previous  investigators  {11-13).  However,  we  were  able  to  quantify  the 
effects  of  shielding  the  small  intestine  more  precisely  by:  (a)  using  higher  energy  pho¬ 
tons  that  allowed  for  more  precise  shielding:  (b)  using  a  more  detailed  dosimetry  ;  (c) 
comparing  our  results  to  a  TBl  dosc-clfect  curve  for  unshielded  animals;  and  (d) 
making  a  quantitative  morphometric  analysis  of  shielded  and  irradiated  small  intes¬ 
tine  histology  after  irradiation.  The  strip  of  shielded  intestine  that  received  a  higher 
dose  than  the  rest  of  the  shielded  intestine  is  so  small  that  it  is  not  considered  to 
influence  our  results  (.see  Fig.  2). 

The  protective  effects  of  shielding  from  radiation  can  be  explained  in  several  ways. 
One  possibility  is  that  cells  may  migrate  from  shielded  to  irradiated  sites.  The  classic 
example  is  the  protective  elTcct  of  spleen  or  leg  shielding  in  the  lower  lethal  TBl  dose 
range  (20).  It  has  been  shown  that  hematopoietic  recovery  results  from  migration  of 
stem  cells  from  the  shielded  body  areas  {21-23).  Recovery  from  intestinal  radiation 
damage  is  unlikely  to  occur  by  migration  of  stem  cells  from  shielded  small  bowel  to 
irradiated  small  bowel.  Instead,  we  postulate  that  humoral  substances  contribute  to 
recovery  from  intestinal  radiation  injury.  Humoral  substances  are  released  after  irra¬ 
diation  and  may  influence  the  intestinal  mucosa  at  shielded  or  irradiated  sites  by 
stimulating  cell  proliferation,  cell  traffic,  or  cell  function  after  TBl.  Prior  studies  of 
intestinal  growth  control  mechanisms  have  indicated  that  intraluminal  as  well  as  cir¬ 
culatory  factors  arc  involved  {24).  The  observation  that  shielding  of  the  distal  small 
intestine  influenced  the  mucosal  histology  of  the  irradiated  proximal  small  intestine 
supports  the  idea  ofa  systemic  tran.sport  of  such  a  humoral  factor  and  not  intrainte.sti- 
nal  lumen  transport  of  that  particular  factor. 

Humoral  factors  released  by  irradiated  tissues  would  appear  to  differ  from  those 
released  by  shielded  tissues.  The  former  prtxJucc  changes  in  intestinal  cell  size,  the 
latter  in  intestinal  cell  proliferation  (see  Figs.  8  and  9).  Irradiated  tissues  might  release 
factors  from  cells  damaged  by  radiation.  In  contrast,  shielded  tissues  can  produce 
factors  actively  as  part  of  a  physiological  response  to  damaged  intestinal  mucosa. 
Known  factors  that  should  be  considered  include  (i)  pleiotropic  growth  regulators 
(hormones)  such  as  gastrin,  glucagon,  thyroid  hormone,  or  others  (24 ).  (ii)  chalones 
that  specifically  suppress  intestinal  growth  and  change  in  concentration  after  irradia¬ 
tion  (2.^);  and  (iii)  growth  factors  which  are  not  identified  yet  that  are  specific  for 
the  intestinal  mucosa  renewal  system  and  comparable  to  factors  identified  for  the 
hematopoietic  system  {26).  The  nature  and  number  of  humoral  factors  involved  in 
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regeneration  of  intestinal  tissues  after  irradiation  can  be  determined  only  by  biochem¬ 
ical  identification,  separation,  purification,  and  testing  of  such  factors  by  bioassay 
systems.  The  findings  in  this  communication  provide  a  good  start  for  such  assays. 

ACKNOWLEDGMENTS 

We  thank  Drs.  Thomas  J.  MaeVitiie.  Jim  Nold.  Pamela  Gunter-Smith.  Ruth  Neta.  and  Steve  Stiel'el  for 
helpful  diseus.sions. 


Received;  Novembers,  1988;  accepied:  April  1 1,  1989 

REEERE.NCES 

!  11.  M.  VRit>tMX)Ri'  and  f.  J.  M^(  Vii  ill ,  .Animal  mivdels  for  radiation  aecidents.  In  Con/rinin/cv 
m  liiinc  Marrow  I  ransplatilalioiiiR.  P.  Gale  and  R.  Champlin.  Eds.l.  pp.  hSd-titll  l.iss.  New  ^  ork. 
(1489). 

.?  H.  O'  ASl  1.1  R.  Studies  on  riK'nlgen  death  in  miee  1.  Survival  lime  and  dosJiRe.  Iiii  .1  Rocnliicitol  54. 
444-4561 1 94.S), 

.1  V.  P.  Bono.  T.  M.  f'l  ii  ovi  r.  and  J.  O.  Arc  hsmbi  ac.  Maminaluin  Kadiatioii  I  f:lia/il\  I  Diaar 
Winn-  III  Cellular  Kinciies.  Aeademie  Press.  New  Vork.  1465 

4  V.  P.  Bono.  Radiation  mortality  indifl'ercnt  mammalian  species.  In  (  'oinparaiiie(  el/iilar and Sfec  nw 
RadiiKensiiiviiyiV.  P.  Bond  and  T.  Sugahara.  Eds  ),  pp.  5-14  Igaku  Shorn.  I  okvo.  I'tov 

?  E.  I.ORI  NZ.  D.  E.  Lll’iion  .  T.  R.  Ri  lo.  and  E.  Slit  l  ion.  Modihcation  of  irradiation  iniurv  in  mice 
and  guinea  pigs  by  bone  marrow  injections.  J  Xaf  Cam  er  /nsi  1 2.  I  Vi-;!!  I  ( I  ')5 1 1 

6  H.  Jammu.  G.  Maiiii.  B.  Pinoic.  J.  P.  Di  pian.  B.  Mai  pin.  R  I  mvroi  i.  1)  Kvin  I 
S<  Hw  arzi  NBFRCi.  Z.  Dji'kk  .and  J.  Vioni'.  Elude de six casd'irradialion  lolalc aiguc .iciidcnicllc 
Rev  hr  hdiid  Chit  Hull  4.210-225(1454). 

■  S.  I  .  Tari  f  A.  Water-electroivteand  antibody  therapy  againsi  acule  (.5-  to  5-da.v  i  intestinal  radiation 
death  in  the  rat.  Radiat  Res  16.  .tl2-.tl7  (1464). 

(V  R.  J.  M.  Frv  .  A.  B.  Ri  ISKIN.  W.  Kisiu  kski.  A.  Sai  i  i.si .  and  E.  St  \i  1 1 1  oi.  Radiation  cHccts  and 
cell  renewal  in  rodent  intestine.  In  i'omparalive  Cellular  and  S/Hiies  Radiosenaiivin  (\  P  Bond 
and  T.  .Sugahara.  Eds  ),  pp.  255-270.  Igaku  Shoin.  Tokyo.  1464 

V  H.  M.  Vrii  sFNlxrRP.  P.  Ill  loi.  and  C.  Zl'Rcill  R.  Gaslrvrinieslinal  decontamination  of  dogs  treated 
with  total  body  irradiation  and  bone  marrow  transplantation.  I:'\p  Hemaiol  9. 404-4 1 6  1 1 48 1 ). 

Ill  R.  A.  CONARI).  E  P.  C'RONKtil .  G.  BriciiI  r.  and  C.  P.  A.  St  ROMl .  Experimental  therapy  of  the 
gastrointestinal  sy  ndrome  prixluced  by  lethal  doses  of  loni/ing  radiation  ./  l/ip  /’/maio/  9,  22'- 
2.5.5(14561. 

II  M.  N.  Swill  and  S.  T .  Tam  i  a.  Modification  of  acute  intestinal  radiation  syndrome  through  shield¬ 
ing.  Im./  f’hysiiil.  185,85-41(1456). 

/2  11.  Qt  ASii  1  R.  E.  E.  I  AN/I .  M.  E  Kl  1 1 1  R.  and  J.  W.  Osborm  .  Acute  intestinal  ileath  Studies  on 
rix-ntgen  death  in  mice  111.  tin  . I  riiwiol  164.  546-556(14511 

H  V,  P.  Bond.  M.  N.  Svvin.  A.  C.  Al  1 1  n.  and  M.  C  Eisiii  i  k.  .Sensitivity  of  abdomen  of  rat  to  \- 
irradialion.  Iiii  ./  I’liwiol  164,  525-.t,t(l(  ivisp). 

14  Task  Group  21.  Radiation  Iherapy  Committee.  AAPM.  A  protocol  for  the  determination  of  absorbed 
dose  from  high-energy  photon  and  electron  K-ams.  Med  t'hw  II).  141-771  1 1485). 

/5  J.  WoNDi  R(ii  M.  J.  Has  I  mxn.  I  .  v  an  i»i  k  ,S<  in  i  ri  n.  II  \  an  Di  n  Hi  )i  v  i  N.  and  K.  Bri  i  r.  I  he 
inlluenee  of  misonida/ole  on  the  radiation  response  of  murine  tumors  of  dilVerent  si/e:  possible 
artifacts  caused  by  (vntobarbital  vnlium  anesthesia,  hu  J  Radial  Oiuol  Ihol  l‘ln  \  7.  155-16() 
( I  >18 1 1. 

In  P.  W.  Sill  I IX  IN  and  A  M  (  in  .  I  he  ellecls  of  anesthetics  on  the  radiosensitivity  of  a  murine  tumor 
Radial  Res  79.  .5(i8-  578  ( )‘)7>(), 

I"  IL  D  Si  1 1.  R  S  Si  III  \(  i  k.  ( >  Sii  \i  r.  ami  D  Ddviri  i  /,  Pentobarbital  anesthesia  and  the  response 
of  tumor  and  normal  tissue  in  theC  'llf/Sed  mouse  to  radiation  Radial  Res  104,  4'-65  ( 1485). 


324 


VIGNEULLE  ET  AL. 


IS  J.  Denfkamp.  N.  H.  A.  Tfrrv,  P.  W.  SFtKLCXFN.and  a.  M.  Chfi.  The  cfl'ect  of  pentobarbital  anaesthe¬ 
sia  on  the  radiosensitivity  of  four  mouse  tumours.  Ini.  J  Radial  Biol.  35.  277-280  ( 1979). 

/9  H.  B.  Kai  and  j.  F.  Gaisfr.  The  effect  of  anaesthesia  on  the  radiosensitivity  of  rat  intestine,  foot  skin 
and  R-l  tumours.  Ini  J.  Radial  Biol  37,447-450(1980). 

21)  L.  O.  Jacobsi  N.  E.  A.  Marks.  M.  J.  Robson.  E.  Gaston,  and  R.  E.  Zirki  t .  The  effect  of  spleen 
protection  on  mortality  following  x-irradiation.  /.«/>.  Chn  Med  .34,  I  5.38- 1 543  ( 1949). 

2!  L.  E.  Foro.  j.  L.  Hamfrton.  D.  W.  H.  Barnfs.  and  J.  F.  Loi  rn.  Cytological  identification  of 
radiation  chimeras.  Samre  177,  452-454  (1956). 

22  O.  Vos.  J.  A.  G.  Davios,  W.  W.  FI.  Wfvsi  n.  and  D.  VV'.  Van  Bi  kki  vi.  F\idence  for  the  cellular 
hypothesis  in  radiation  protection  by  bone  marrow  cells.  .Ula  I’IivmoI  I’harnnu  ol  .S'eih  4.  482- 
486(1956). 

2J  P.  C.  N'owfi  t .  T.  J.  Cot  F.  J.  G.  FIabfrmfv  I  r.  and  P.  L.  Roan,  (irowth  and  continued  function  of 
rat  marrow  cells  in  x-irradiated  mice.  C  'aiuvr  Res  |6, 258-261  ( 1956) 

24  R.  C.  N.  Wtt  1  lAMSON.  Intestinal  adaptation.  Structural,  functional  and  cstokinctic  changes.  .V  /-.Vii;/ 

y  l/c(/  298.  I393-I4(l2and  I444-I4.‘i0(l978). 

25  R.  M.  KiFiNandJ.C.  Mr  Kin/if,  The  role  of  cell  renewal  in  the  ontogeny  of  the  intestine.  11  Regula¬ 

tion  of  cell  proliferation  in  adult,  fetal,  and  neonatal  intestine  ./  I’edian  intsiroemerol  \  iiir  2, 
204-208(1983). 

26  S.  C.  Cl  ark  and  R  Kami  \.  The  human  hematopoietic  colony  stimulating  factors  .Siienee  2.36. 

1229-1237(1987). 


AFRRi  TR89-1 


OFPPIl 

TECHNICAL  REPORT 

Laboratory  x-ray  irradiator  for 
cellular  radiobiology  research 
studies:  Dosimetry  report 


T.  H.  Mohaupt 
G.  H.  Zeman 
W.  F.  Blakely 
M.  M.  Elkind 


DEFENSE  NUCLEAR  AGENCY 

ARMED  FORCES  RADIOBIOLOGY  RESEARCH  INSTITUTE 

BETHESDA,  MARYLAND  20814  5145 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


REVIEWED  AND  APPROVED 


wromrqg.gg.i 


'4  i»£PO«T  SECURITY  CtASSiE'CATiON 


24  security  CLASSifiCATlON  AUTnOR.Tv 


ib  OEClASSIEICATiON  '  OOWNGRAOiNG  SCHEDULE 


REPORT  DOCUMENTATION  PAGE 


■b  RESTRiaiVE  VIARKiMGS 


3  Distribution.' ayailability  of  report 


4  performing  organization  report  NUMBER(S) 


5  monitoring  organization  REPORT  NUM8ER(S) 


6«  NAME  OF  performing  ORGANIZATION 


fx  address  Cry.  Sf«f».  RndZIPCodf) 


T«  NAME  OF  monitoring  ORGAN. ZA'iON 


Tb  ADDRESS  (C/fy.  Stjt»,  *n<J  ZIP  Coe(*) 


9a  NAME  OF  Funding  sponsoring 
organization 


8b  OFFICE  SYMBOL  9  PROCUREMEN’’  INSTRUMENT  iDENTiF>CATiON  NUMBER 
(H  jppiKab/*) 


Ac  address  iC/ry  Star*  and  ZIP Cod») 


'0  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM  I  PROJECT 

Element  no  I  no 


WORK  ^Nl' 
ACCESSION  NC 


persona^  AuT«OR(S) 


Of  report 


13b  *iME  COVERED 
FROM  _  TO 


14  date  OF  report  (Ytar  Moo«t  Day) 


COSA^  COOES 


G»OuP  1  SuB-GROUP 


'8  Subject  'ERMS  .Conrmvr  on  '»a»rs*  if  nacroary  and  identify  by  bicxk  number) 


■RAL'  Continue  on  'e*erte  if  necetury  end  identify  by  block  number) 

Do'-init’try  measnri’iiicnts  were  porformed  on  a  50  kVp  laboratory  x-ray  irradiator  for 
I-'  iinlar  radiobiology  rrnparch.  The  nieasiirenieiits  were  clone  with  a  parallel-plate 
ii’nization  chamber,  which  had  a  thin  alnniinized-my lar  window,  and  an  extrapolation 
cliamber.  Intercomparison  of  do.9imetry  data  frou)  the  two  independent  methods 
‘'i.owed  excellent  agreement.  Results  are  presented  for  radiation  dose  rate,  uniformity, 
and  beam  quality  for  operation  of  the  tungsten  target,  beryllium  window  x-ray  tube 
a'  50  k\’p,  20  m.-\,  and  with  filters  either  0.012  mm,  0.180  nun,  or  0.633  mm  thick, 
for  arrays  positioned  at  a  range  of  distances  from  the  x-ray  tube.  The  data  in  this 
ri qiort  establish  a  dosim<-tric  link  betwee-n  the  cellular  radiobiology  research  to  be 
P'Tformed  at  AFRRI  with  the  50  k\’p  laboratory  x-ray  irradiator  and  the  landmark 
work  performed  by  Elkind  and  Sutton  (lOGO)  with  a  similar  device. 


.’0  DS'OBU'  ON  availability  OF  ABSTRAC 
□  -NC  JiSSiF  EDiUNliMiTEO  □  same  as  RPT  □  otic  users 

Z1  abstract  SECuRUy  CuASSiF'CA 

■'ON 

:.i  NAME  OF  RESPONSIBLE  ND'ViOuAl 

ZZb  telephone  (intIucFR  Ares  Code) 

■ 

c  JFF'CE  S'MBO. 

pO  >***  •  #«**>  •♦PO 

A  -  *»c  •  O'*'- 


tccuHiTv  cuAMiriCAno«)  o*  tmii  »*ai 


(''■.irrcnl  addresses  are  as  foilows: 

‘*Nuolear  Medicine  Department 
(ireat  Lakes  Naval  Hospital 
(ireat  Lakes.  IL  00008-5237 

''Radiation  Protection  Department 
ATiL'T  Bell  Laboratories 
COO  Mountain  Avenue 
Murray  Hill.  NM  07974-2070 

De  partment  of  Radiolot;y  and 
Radiation  Biology 
t  Olorado  State  I'nivcrsitv 
Fv  Collins.  CO  80523 


COiNTENTS 


INTRODUCTION 
MATERIALS  AND  METHODS 
Irradiator 
Beam  Filtration 
Culture  Dish  Arrays 
Radiation  Detectors 
RESULTS 

Tube  Potential  and  Timer  Accuracy 
Focal  Spot  Measurements 
Beam  Quality 

Parallel-plate  Window  Transmission 
Intercomparison 
Dosimetry  Measurements 
SUMMARY 
REFERENCES 
ACKNOWLEDGMENTS 
APPENDIX  A 
APPENDIX  B 
APPENDIX  C 


4 

4 

4 

5 
7 
9 
9 

10 

10 

12 

12 

17 

21 

22 

22 

23 


24 

2.5 


I 


1 


INTRODUCTION 


In  1985,  the  Armed  Forces  Radiobiology  Research  Institute  (AFRRI)  acquired  a 
60  kVp  x-ray  irradiator  (figure  1)  from  Argonne  National  Laboratory,  Argor.ne, 
IL,  for  cellular  radiobiology  experiments.  This  irradiator  is  similar  to  one  used 
by  Elkind  and  Sutton  (1)  for  their  landmark  investigations.  The  shielding, 
space,  and  logistical  requirements  for  the  irradiator  are  minimal,  allowing  it  to 
be  conveniently  located  in  a  typical  laboratory.  Because  of  its  simplicity  of 
operation  and  inherent  safety  mechanisms,  an  investigator  or  technician  can 
qualify  easily  to  use  the  radiation  source  independently. 

This  report  describes  the  dosimetry  methods  used  to  calibrate  the  beams  planned 
for  cell  irradiations.  Measurements  of  exposure  rate,  beam  quality,  and  field 
uniformity  were  made  with  a  thin-window,  parallel-plate  ionization  chamber. 
Elkind  and  Sutton  (l)  used  a  variable-volume  extrapolation  chamber  to  provide 
dosimetry  for  their  irradiator  because  of  its  excellent  cai)ability  of  measuring  low- 
energy  photons.  We  had  the  good  fortune  to  use  Elkind’s  variable-volume 
extrapolation  chamber  for  comparison  with  the  parallel-plate  chamber. 
Comi)arison  of  the  dosimetry  data  showed  very  good  agreement  between  results 
obtained  by  the  two  methods. 


Figure  I,  AFItRI  lalioratory  irradiator  for  cellular 
radiohiology , 
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MATERIALS  AND  METHODS 


Irradiator 


The  x-ray  irradiator  consists  of  a  x-ray  machine  (Model  No.  DXE-225,  General 
Electric  Company,  Milwaukee,  WI),  a  x-ray  tube  (Model  No.  OEG-60,  Machlett 
Laboratories  Inc,  Stamford,  CT),  and  a  shielded  cabinet.  The  x-ray  machine 
operated  at  peak  voltages  and  currents  of  up  to  60  kVp  and  25  mA, 
respectively.  The  tube  head  is  water-cooled  for  continuous  operation.  The 
tungsten  target  angle  is  45  degrees  to  minimize  anode  heel  effects.  The  tube 
window  has  an  inherent  filtration  of  1.5  mm  of  beryllium  (Be),  which  allows 
passage  of  a  significant  portion  of  the  low-energy  x  rays.  The  irradiation  time 
is  controlled  by  a  microprocessor-based  solid-state  timer  (Model  CX300,  Eagle 
Signal  Industrial  Controls,  Davenport,  WI). 

The  irradiation  cabinet  has  interior  dimensions  of  56  cm  by  42  cm  by  45  cm. 
The  inner  walls  (including  the  door,  top,  and  bottom)  are  lined  with  2  mm  of 
lead  for  effective  personnel  protection.  A  plastic  shelf  inside  the  chamber 
provides  a  stable,  highly  repeatable  platform  for  experimental  dosimetry  devices 
and  cell  samples.  The  shelf  is  movable  in  the  vertical  (Z)  axis  by  increments  of 
1  cm.  The  Z  axis  is  at  the  center  of  crossed  lines  etched  into  the  plastic  shelf. 

Radiation  surveys  at  the  exterior  surface  of  the  irradiator  during  operation  at 
maximum  power  have  shown  no  radiologic  hazard  due  to  beam  leakage,  thereby 
permitting  experimental  preparations  to  proceed  in  the  lab  during  irradiation. 
The  only  detectable  response  was  0.5  mrem/hour  on  contact  with  the  x-ray  tube. 
At  10  cm  from  the  tube,  this  response  was  negligible.  As  a  precaution,  two 
safety  lights  (and  an  audible  alarm,  if  activated)  alert  occupants  in  the 
laboratory  when  x  rays  are  being  generated.  Also,  an  interlock  mechanism 
prevents  the  machine  from  working  when  the  cabinet  door  is  open  and 
automatically  turns  the  irradiator  off  when  the  door  is  opened  during  operation. 


Beam  Filtration 


Aluminum  (Al)  filters  were  added  at  the  exit  port  of  the  Be  window  to  increase 
the  effective  energy  of  the  x-ray  beam  by  removing  many  of  the  low-energy  x 
rays  (2).  Three  thicknesses  of  Al  (that  is,  0.633  mm,  0.180  mm,  and  0.012 
mm)  were  used  for  all  dosimetric  measurements.  The  tube  voltage  and  current 
used  were  50  kVp  and  20  mA,  respectively.  The  0.633-mm  Al  filter  was  used 
for  intercomparison  measurements  because  it  simulates  a  field  at  the  National 
Institute  of  Standards  and  Technology  (NIST),  Gaithersburg,  Maryland,  and  was 
used  to  calibrate  the  parallel-plate  ion  chamber.  The  0.180-mm  Al  filter  is 
comparable  to  that  used  by  Elkind  (l).  The  0.012-mm  Al  filter  provides 
negligible  filtration  of  low-energy  x  rays,  hence,  it  offers  a  higher  dose  rate. 
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Culture  Dish  Arrays 


Typically,  cells  are  ma  iitnined  in  tissue  culture  j.  tlri  dishes  under  monolayer 
growth  conditions  bathed  in  nutrient  media  to  a  depth  of  about  3  to  5  mm 
(^approximately  5  ml  per  »jO-mm-diameter  dish  or  IJO  ml  per  100-mm-diameter 
dish).  The  petri  dish  is  c!.pped  with  a  plwtic  com  j  approximately  1  mm  thick, 
which  assists  both  to  maintain  sterility  and  to  decrease  evaporative  loss  of 
media. 

The  x-ray  energy  spectrum  produced  at  a  peak  voltage  of  50  kV  and  with 
added  A1  filters  readily  undergoes  attenuation  by  rhi;  plastic  tissue-culture  petri 
dish  covers  or  the  culture  media.  For  example,  using  a  beam  hardened  with 
0.180  mm  of  A1  the  attenuation  due  to  the  medium  can  be  as  high  as  60%,  and 
the  plastic  cover  will  reduce  the  beam  an  idditional  15%.  Further, 
inconsistencies  in  the  thickness  of  medium  above  the  cells  can  result  in  large 
changes  in  the  x-ray  energy  spectra  reaching  the  coll:?.  To  avoid  these  problems, 
Elkind  and  Sutton  (1)  irradiated  cells  with  a  minimum  of  absorbing  material 
between  the  radiation  source  and  biological  tairget.  An  ultra-thin  cover  of  phstic 
wrap  (Saran)  secured  in  a  plastic  ring  with  brass  screws  substitutes  for  the  petri 
dish  cover  during  irradiations  and  decreases  the  f'Ossibility  of  contamination 
without  severely  diminishing  the  photon  fluence  Further,  all  excess  culture 
media  was  aspirated  from  the  petri  dish,  leaving  the  cells  without  a  significant 
media-induced  shielding  during  irradiation. 

Reproducibility  of  the  positioning  of  the  biological  E.rget  material  relative  to  the 
rad  ation  source  was  accomplished  in  the  followir manner.  Either  60-mm  or 
100  mm-diameter  tissue-culture  petri  dishes  were  pieced  on  the  plastic  tray  in 
cusiom  acrylic  holders  to  provide  several  arrays  Ur  rradiation  (figure  2).  The 
petji  dish  array  was  centered  on  the  Z  axis  of  O  e  irradiator  by  a  centering 
pla  e.  Cell  cultures  can  be  irradiated  at  r<  ■  ni  temperature  or  at  tie 
temperature  of  ice  water.  For  ice  water  irradiatio  • .  an  adaptor  raises  the  larji: 
petii  dish  by  1  cm  for  ice  water  to  be  placed  I  cr.  ulh  the  cell  plate,  then;!  : 
facilitating  a  common  vertical  scale  (3). 
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^c_ 


Figui'C  2.  Culture  dish  arrays;  a.  100-mm  diameter;  b. 
00-mm  diameter;  c.  60-mm  diameter  in  three  dish 

array. 
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Radiation  Detectors 


Parallel-Plate  Ionization  Chamber 


A  parallel-plate  ionization  chamber  made  by  Capintec,  Inc.  (Model  No.  PS-033, 
Pittsburg,  PA)  was  used  to  measure  the  exposure  rate.  Its  thin  window  has  a 
thickness  of  0.5  mg/cm^  of  aluminized  mylar,  and  its  sensitive  volume  is  0.5 
cm®.  The  detector  body  is  made  of  polystyrene.  The  chamber  was  calibrated 
at  NIST  with  two  x-ray  fields  (table  1)  (4).  Appendix  A  shows  the  NIST 
energy  spectrum  for  the  unshielded,  20  kVp  calibration  field  and  an  energy 
spectrum  with  irradiation  parameters  similar  to  the  NIST  L50  x-ray  field  (5). 
The  difference  between  the  calibration  factors  for  the  two  beams  was  2.4%. 
This  indicated  that  the  chamber  response  changed  minimally  over  a  range  of  low 
energies.  Charge  accumulation  was  made  with  a  Keithley  Model  616  digital 
electrometer  (Cleveland,  OH)  for  the  duration  of  exposure.  Collecting  charge  was 
the  appropriate  method  of  ionization  measurement  because  this  is  the  mode  used 
by  NIST  to  calibrate  the  chamber.  The  half-value  layer  (HVL)  is  the  thickness 
of  material  required  to  reduce  an  x-ray  beam  to  half  its  original  intensity.  The 
homogeneity  coefficient  is  simply  the  ratio  of  the  first  and  second  HVL’s. 
Append ’X  B  shows  the  method  of  calculation  for  exposure  and  dose  rates. 

Preliminary  measurements  on  the  x-ray  irradiator  indicated  that  the  parallel-plate 
chamber  showed  negligible  ion  recombination  characteristics  and  polarity 
differences.  Readings  taken  over  several  days  at  the  same  position  showed  a 
precision  of  ±1.5%. 


Table  1.  NIST  Calibration  Parameters  of  Parallel-Plate  Chamber 


NIST 

field 

kVp 

Added  filter 
(mm  Al) 

HVL 
(mm  Al) 

Homogeneity 

coefficient 

Calibration  factor 
(R/nC) 

L20 

20 

None 

.071 

.76 

6.349 

L50 

50 

.6S9 

.75 

.58 

6.502 

Elkind  Variable- Volume  Extrapolation  Chamber 


An  extrapolation  chamber  is  an  ionization  chamber  in  which  the  sensitive  volume 
may  be  accurately  changed  by  varying  the  separation  distance  between  the 
window  and  collecting  plate.  It  is  a  fundamental  method  of  measuring  exposure 
rate  so  that  instrument  calibration  is  unnecessary  (6).  Appendix  C  shows  the 
derivation  of  the  equations  used  to  compute  exposure  rate  from  extrapolation 
chamber  measurements.  The  extrapolation  chamber  (figure  3)  used  for 
comparison  with  the  parallel-plate  chamber  is  a  custom  device  provided  by  Dr. 
M.  M.  Elkind.  The  chamber  has  a  50-/im-thick  Be  window  (1)  and  a  dual 
anode  with  collecting  surface  diameters  of  1  cm  and  4  cm.  The  potential 
difference  applied  to  the  collecting  plate  was  -1,500  volts  per  centimeter  with 
respect  to  the  Be  window.  The  collected  current  was  read  on  the  same 
electrometer  as  used  with  the  parallel-plate  chamber.  (The  difference  between 
the  electrometer  current  (nA)  and  charge  (nC/sec)  modes  was  measured  to  be 
1.6%  with  a  Keithley  261  Picoampere  source  in  conjunction  with  a  Hewlett- 
Packard  85  computer  and  3421 A  Data  Acquisition/ Control  Unit  (Corvallis,  OR).) 


Figure  3.  Elkind’s  extrapolation  chamber  with  collecting 
plate. 
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RESULTS 


Tube  Potential  and  Timer  Accuracy 


Peak  tube  potential  and  quality  assurance  measurements  for  timer  accuracy  were 
made  with  a  Mini-X  kVp/Timer  Meter  (RTI  Electronics  Lab,  AB,  Sweden). 
The  Mini-X  was  capable  of  accurately  measuring  x-ray  tube  voltage  down  to  44 
kVp  and  timer  accuracy  for  times  up  to  20  seconds.  The  measured  value  of 
kVp  from  the  Mini-X  agreed  with  the  x-ray  generator  settings  of  50  kVp  and  55 
kVp  to  within  -t-/-  1%  and  at  45  kVp  to  within  3.5%.  The  x-ray  timer 
setting  was  consistently  2%  higher  than  the  time  measured  by  the  Mini-X.  This 
difference  is  due  partly  to  the  fact  that  the  x-ray  timer  indicated  the  full 
exposure  time  while  the  Mini-X  displayed  the  time  that  the  exposure  rate 
exceeded  75%  of  the  maximum.  To  further  evaluate  the  timer  accuracy,  charge 
was  collected  by  the  parallel-plate  chamber  over  a  range  of  exposure  times  for 
each  beam  quality  (figure  4).  The  slopes  of  the  fitted  values  have  units  of 
nC/sec.  Comparison  of  each  slope  with  the  measured  current  shows  an 
overresponse  of  the  charge  readings  relative  to  the  current  readings  by  an 
average  of  1.5%.  This  agrees  with  measurements  taken  with  the  picoampere 
source.  The  intersection  of  each  line  with  the  time  axis  shows  negligible  offset 
from  the  origin. 


Time  (seconds) 


Figure  4.  X-ray  timer  evaluation. 
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Focal  Spot  Measurements 


The  focal  spot  is  the  area  on  the  target  that  accelerated  electrons  strike  to 
produce  x  rays,  and  it  correlates  to  the  effective  source  size.  The  focal  spot 
image  of  the  irradiator  was  recorded  on  radiographic  film  through  a  pinhole 
aperture  of  0.2  mm  in  a  sheet  of  1.6-mm  lead  placed  midway  between  the 
source  and  the  film.  The  size  of  the  effective  focal  spot  was  calculated  to  be  6 
mm  by  7  mm  using  a  similar  triangles  technique  (7).  Figure  5  shows  an 
enlargement  of  the  focal  spot  radiographic  image. 

6  mm 


Figure  5.  Enlargement  of  focal  spot  image. 


Beam  Quality 


When  an  energy  spectrum  of  an  x-ray  beam  is  not  available,  its  penetrability  or 
quality  is  described  in  terms  of  its  HVL.  The  material  of  choice  for  measuring 
beam  quality  of  this  irradiator  is  Al.  Because  of  the  space  limitation  inside  the 
irradiator  chamber,  ideal  conditions  for  measuring  HVL’s  as  described  by  Trout 
(8)  could  not  be  attained.  To  approximate  the  ideal  conditions,  the  distance 
between  the  source  and  the  parallel-plate  chamber  was  36.8  cm  wdth  the  filter 
placed  halfway  between.  A  collimator  arrangement  (figure  6)  restricted  the  beam 
to  the  chamber’s  window.  Table  2  shows  beam  quality  data  for  several 
thicknesses  of  added  Al  at  50  kVp  and  no  added  Al  at  20  kVp.  The 
approximate  equivalent  photon  energy  for  each  beam's  HVL  was  referenced  from 
Johns  and  Cunningham  (7). 
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Figure  6.  Collimator  arrangement  used  for  half-value  layer 
measurements. 


Tabic  2.  Parameters  of  Beam  Quality 


kVp 

Added  niter 
(mm  Al) 

HVL 
(mm  .M) 

Homogeneity 

coefficient 

/Vpproximate  equivalent 
energy  (keV) 

20 

none 

0.0.58 

0.80 

8 

50 

.012 

.077 

.70 

9 

50 

.18 

.16 

,67 

10 

50 

.633 

.53 

,63 

19 

11 


The  measured  HVL  values  for  the  20  kVp  and  50  kVp/0.633  mm  A1 
measurements  are  significantly  lower  than  the  respective  NIST  L20  and  L50  HVL 
values  shown  in  table  1.  The  differences,  which  indicate  the  AFRRI  x-ray  unit 
has  a  softer  energy  spectra,  are  likely  due  to  the  various  ways  the  tube  potential 
is  supplied.  The  NIST  power  supply  is  constant  potential  whereas  the 
laboratory  x-ray  irradiator  potential  is  half-wave  rectified  single  phase. 


Parallel-plate  Window  Transmission 


The  ability  of  the  parallel-plate  chamber  to  transmit  low-energy  photons  through 
the  aluminized  mylar  window  was  tested  by  measuring  x-ray  transmission 
through  mylar.  The  HVL  of  mylar  for  two  different  x-ray  beams  was  measured 
with  the  collimator  system.  The  two  beams  were  50  kVp  with  0.633  mm  of 
added  Al  and  20  kVp  with  no  added  filtration.  The  measured  HVL’s  were  876 
and  94.4  mg/cm^  for  the  50  kVp  and  20  kVp  beams,  respectively.  The 
calculated  attenuation  due  to  the  chamber  window  is  0.04%  and  0.30%  for  each 
of  the  respective  beams.  This  method  provided  an  approximation  because  the 
mylar  attenuators  were  not  aluminized. 


Intercomparison 


Intercomparison  between  the  parallel-plate  ionization  chamber  and  the 
extrapolation  chamber  was  made  with  AFRRI’s  laboratory  x-ray  irradiator  to 
verify  the  parallel-plate  chamber’s  ability  to  measure  low-energy  exposures.  The 
parameters  measured  were  (a)  exposure  rate,  (b)  falloff  with  increasing  vertical 

(Z  axis)  distance,  (c)  falloff  in  field  size  (X-Y  axes),  and  (d)  output  charges  with 

current  and  voltage.  The  amount  of  added  filtration  used  was  0.633  mm  of  Al. 
Unless  altered  for  experimental  purposes,  the  tube  voltage,  current,  and  source-to- 
detector  distance  (SDD)  were  set  at  50  kVp,  20  mA,  and  19.2  cm,  respectively. 

Comparison  of  Exposure  Rates 

Ionization  current  measurements  were  made  while  changing  the  distance 
separating  window  and  collecting  plate  of  the  extrapolation  chamber.  These 
measurements  were  repeated  for  both  of  the  available  plate  collecting  diameters 
on  Elkind’s  extrapolation  chamber.  The  results  of  these  measurements  are 
presented  in  figure  7.  The  slope  of  the  fitted  line  for  each  set  of  measurements, 

when  applied  to  equation  1  of  appendix  D,  resulted  in  the  exposure  rate  at  the 

midpoint  of  the  chamber.  The  intercepts  of  the  extrapolated  lines  on  the 
abscissa  fell  at  about  0.09  cm. 
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Figure  7.  Effect  of  changing  volume  on  extrapolation 
chamber. 


Table  3  shows  the  values  used  to  evaluate  the  exposure  rate.  The  average 
exposure  rate  of  the  four  extrapolation  measurements  was  10.5  R/sec,  with  a 
standard  deviation  representing  1.6^7  of  the  mean.  The  exposure  rate  as 
measured  by  the  parallel-plate  chamber  was  10. C  R/sec.  The  method  used  to 
calculate  the  exposure  rate  to  the  parallel-plate  chamber  is  equation  1  in 
appendix  B.  The  excellent  agreement  between  these  two  methods  establishes  a 
link  between  the  landmark  radiobiology  experiments  of  Elkind  and  colleagues  at 
the  Argonne  National  Laboratory  and  those  performed  with  the  new  unit  at 
AFRRI. 


Table 

3. 

Exposure  Rate  Eval 
Chamber  and  Parallel-Plat 

nation  of 
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E 
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\.\ 

N.\ 

lo.r, 

*F(.’  “  cxtrapolal  ion  chamber;  I’PC  parallel-,  late  chamber 
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Inverse  Sduaro  Mcasiirfinonts 

The  measurement  of  beam  falloff  with  increasing  di-tance  from  the  source  was 
made  witli  the  parallel-plate  and  extrapolation  (4-cin  diameter  only)  chamliers. 
Figure  8  shows  tlie  ratio  of  the  observed  to  expe<'ted  \alnes  at  ^ucce^sive 
distances  from  the  source.  Tlie  point  of  normali/iit  ion  w;is  19.2  cm  frum  the 
source.  Aft(‘r  1C  cm,  the  falloff  of  both  chambers  yieldeil  ;in  iiivt-r^e  sipwire 
relationship  to  within  Additional  mea.sur*-ments  weri-  made  by  the  p;ir;il!el- 

plate  chamber  along  the  same  axis  with  added  filters  of  0.180  mm  and  0.012 
mm  Al.  Figure  8  compares  these  d;ita  and  shows  tluit  filtration  with  thinner 
filters  caused  greater  deviation  from  the  inv»-rse  siimire  law.  This  w;is  th<' 
expected  result  because  air  acted  as  an  <'ff<'cfiv<‘  attinuator  for  the  lou-energy  x 
rays  transmitted  through  the  thin  filters.  T)ie  sbjpes  of  the  two  lines  were 
approximately  0.006  cm'^,  which  was  consistent  with  th(‘  linear  attemuation 
coefficient  for  10  ke\’  x  rays  in  air  (7). 


E 

o 

<N 

O) 


T3 

(U 

N 

75 

E 

u. 

o 

c 

(/) 

<u 

TO 

> 

■O 

O) 

o 

TO 

Q. 

X 

TO 

■D 

TO 

> 

TO 

W 

o 


1  .04 

1 .00 

0.96 

0.92^ 


- , - 1 - ,--T - .j-  - 1 - 

o 

o 


Parallel  plate  chanitier 

O.SSt"  o0  012  mm  Al  added 

!  U  0  1  80  mm  Al  added 

\-  #  0  633  mm  Al  added 

0  84|-  Extrapolation  Chamber 
r'.O  633  mm  Al  <)dded 


o  o- 

Q 


V 


A 


1  I  I  I  I  I  J  _1  L 


0.801 — 1  -x_j _ 1 _ 1 _ X  1 

0  10  20  30 

Source-detector  distance  (cm) 


40 


I' igure  8.  Itadinlion  output  iiipnsurpti  «  tits  iiormaliz.pH  to 
expectpci  values.  Kxpprtpii  vnlues  were  ralculated  using 
the  inverse  square  Inw  referenced  to  the  output  at  19,'J 
cm  distance. 
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Doatn  FalloiT  in  tho  X-V  Plano 


Bearn  intensity  inea.surrinents  in  tlu'  hori/oiitai  ]>i;un'  at  10.2  ciii  were  made  with 
the  parallel-plate  and  extrapolation  (4-rin  diaiiii'tcr  only)  cliaiiilur'.  Tio 
iiieasuremeiits  were  inatle  (liver};inK  I'roni  the  <;eomet riea  1  center  toward  ti.e  ircint. 
hark,  left,  and  ri^;ht.  The  %’alnes  were  norin;di/ed  to  the  Geometrical  centrr. 
Figure  9  show.s  fudd  di.strihution  wa>  in  extudlent  agreement  lietween  the  jiaritii* 
plate  chamber  and  4-cni-diaineter  extrapohition  chtiiiiher.  I'he  center  of  ti,e  field 
was  at  the  geometrioal  center  of  the  beam  for  }»oth  chambers.  T)ie  ditimeters  of 
the  fields  for  Oo'd.  92. o'-'!,  and  90'’r  uniformity  tire  4.7  cm.  G.3  cm.  ;ind  7.3  cm. 
respectively. 


U  n' - - - - - -  .  .  i  .  m 

^12  8  4  0  4  8  12 


Distniico  from  r  oolor  icml 
Figure  9.  Inlercomparisoii  of  fieUi  uniroriiiity  measurements. 


Tube  Current  and  Voltage 

The  linearity  of  the  x-ray  output  with  tube  current  over  a  range  of  S  niA  to  23 
inA  was  evaluated  by  the  parallel-plate  chamber  and  both  collection  plate 
diametcr.s  of  the  extrapolation  chamber.  Figure  10  shows  the  tube  current 
dependence  of  each  ionization  chamber's  response  as  normalized  to  its  sensitive 
volume.  The  results  show  excellent  agreement  and  linearity  over  the  entire 
range  of  x-ray  tube  current. 
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Q  Extrapolation  chamber 
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A  Extrapolation  chamber 
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D  Parallel  plate  chamber 
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/ 
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r2  =  0  999 


10  20 
Tube  current  (mA) 


Figure  10.  Linearity  of  x-ray  output  with  tube  current. 


Figure  11  shows  the  effect  of  varying  tube  voltage  on  each  chamber’s  volume- 
normalized  response.  Agreement  between  the  two  anode  diameters  of  the 
extrapolation  chamber  was  quite  good.  Agreement  of  the  parallel-plate  chamber 
was  also  good  at  lower  voltages,  but  shows  an  overrtsponse  at  higher  voltages, 
which  peak  at  5%  at  50  kVp.  The  data  in  figure  11  were  fitted  with  both 
linear  and  power  function  curves,  as  shown.  Both  the  linear  and  power  function 
correlation  coefficients  were  greater  than  0.995. 
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Figure 


X-ray  output  as  a  function  of  'ube  voltage. 


Dosimetry  Measurements 


The  cellular  dose  was  calculated  from  parallel-plate  measurements  taken  along  the 
Z  axis  for  three  beam  parameters.  The  beam  parameters  were  50  kVp  with 
added  filtration  of  0.633  mm,  0.180  mm,  and  0.012  mm  Al.  Equation  2  of 
appendix  B  shows  the  method  of  dose  calculation.  Tables  4-6  show  the  dose 
rate  at  incremental  distances  from  the  source  at  the  geometrical  center  for  the 
single-plate  arrays.  The  hole  number  is  the  position  where  the  plate  was  placed 
to  attain  the  respective  source-to-cell  distance.  One  shelf  height  was  for  the 
room  temperature  setup  and  the  other  was  for  the  ice  water  setup.  The 
uniformity  measurements  at  each  distance  were  derived  from  falloff  measurements 
in  the  X-Y  plane  at  several  Z-axis  positions  for  each  beam.  From  those 
measurements,  cones  of  uniformity  were  constructed  to  ensure  90%,  92.5%,  and 
95%  uniformity  across  the  plate.  Thus,  an  investigator  can  use  the  dose  rate 
and  uniformity  that  best  suits  the  experimental  needs. 

While  taking  beam  profile  measurements  with  the  thinner  filters,  we  observed 
that  the  point  of  maximum  beam  intensity  was  offset  from  the  vertical  axis 
towards  the  back  of  the  cabinet  (-Y  direction).  This  effect  was  enhanced  at 
greater  source-to-detector  distance  (SDD).  The  displacement  for  the  0.180-mm  Al 
beam  was  0.3  cm  at  15  cm  SDD  and  increased  to  1  cm  at  40  cm  SDD.  The 
displacement  of  the  0.012-mm  Al  beam  was  0.5  cm  at  15  cm  SDD  and  increased 
to  about  2  cm  at  40  cm  SDD.  While  this  effect  was  not  fully  characterized,  it 
probably  resulted  from  a  variation  in  the  x-ray  energy  spectrum  across  the  x-ray 
beam  in  the  direction  of  the  anode-cathode  axis.  Because  the  offset  varied  with 
both  the  SDD  and  added  filtration,  the  irradiation  arrays  were  left  in  place  at 
the  X-Y  plane  origin.  As  a  result,  the  cone  of  uniformity  was  slightly  narrower 
than  if  it  had  been  centered  at  the  point  of  peak  intensity.  In  the  worst  case, 
the  deviation  of  the  maximal  intensity  from  the  intensity  at  the  geometric  axis 
was  0.5%. 

Incomplete  aspiration  of  culture  medium  from  the  petri  dishes  before  irradiation 
can  markedly  influence  the  uniformity  of  cellular  x-ray  dosage.  This  was 
demonstrated  by  the  results  of  a  pilot  experiment  on  x-ray  dose  response  and 
cell  survival  that  used  the  0.012  mm  Al  filter.  An  anomalous  cluster  of  cell 
colonies  around  the  periphery  of  the  culture  plate  was  observed  in  the  high 
radiation  dose  samples.  Investigation  into  this  abnormality  suggested  that  this 
effect  was  produced  by  the  shielding  of  x  rays  by  a  meniscus  of  excess  culture 
fluid  that  was  created  by  not  aspirating  all  of  the  excess  cell  culture  medium 
from  the  petri  dish.  This  was  confirmed  by  repeating  the  experiment  with 
complete  medium  aspiration  (that  is,  all  of  the  excess  medium  was  removed), 
which  resulted  in  the  elimination  of  the  ring  of  colonies.  Upon  the  addition  of 
incremental  amounts  of  medium,  the  medium-induced  shielding  around  the  outer 
edge  reappeared.  Figure  12  shows  cell  survival  populations  after  staining  when 
the  culture  medium  had  been  aspirated  completely,  followed  by  the  addition  of 
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Table  4.  Dose  Rate  Chart  of  0.633>mm  A1  Beam 


Uniformity  of  cell  irradiation 
Shelf  height  _ (percentage! _ 


Hole  # 
Room  temp 

Hole  # 

Ice  water 

SDD 

(cm) 

Dose  rate 
(cGy/s) 

60-mm 

dish 

100-mm 

dish 

Array  of  3 
60-mm  dishes 

9 

10 

15.3 

14.8 

92.5 

NA 

NA 

10 

11 

18.3 

12.8 

92.5 

NA 

NA 

11 

12 

17.3 

11.4 

95 

NA 

NA 

12 

13 

18.3 

10.2 

95 

NA 

NA 

13 

14 

19.3 

9.17 

95 

90 

NA 

14 

15 

20.3 

8.29 

95 

90 

NA 

15 

18 

21.3 

7.53 

95 

92.5 

NA 

18 

17 

22.3 

8.87 

95 

92.5 

NA 

17 

18 

23.3 

8.29 

95 

92.5 

NA 

18 

19 

24.3 

5.87 

95 

92.5 

NA 

19 

20 

25.3 

5.33 

95 

92.5 

NA 

20 

21 

28.3 

4.94 

95 

92.5 

NA 

21 

22 

27.3 

4.58 

95 

92.5 

90 

22 

23 

28.3 

4.28 

95 

95 

90 

23 

24 

29.3 

3.98 

95 

95 

90 

24 

25 

30.3 

3.72 

95 

95 

90 

25 

28 

31.3 

3.48 

95 

95 

92.5 

28 

27 

32.3 

3.27 

95 

95 

92.5 

27 

28 

33.3 

3.08 

95 

95 

92.5 

28 

29 

34.3 

2.90 

95 

95 

92.5 

29 

30 

35.3 

2.74 

95 

95 

92.5 

30 

31 

38.3 

2.59 

95 

95 

92.5 

31 

32 

37.3 

2.45 

95 

95 

92.5 

32 

33 

38.3 

2.33 

95 

95 

92.5 

33 

34 

39.3 

2.21 

95 

95 

92.5 

34 

35 

40.3 

2.10 

95 

95 

92.5 

35 

38 

41.3 

2.00 

95 

95 

92.5 

38 

37 

42.3 

1.91 

95 

95 

92.5 

37 

NA 

43.3 

1.82 

95 

95 

95 
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Table  5.  Dose  Rate  Chart  of  O.lSO-mm  A1  Beam 


Uniformity  of  cell  irradiation 
Shelf  height  _ (percentage) _ 


Hole  # 
Room  temp 

Hole  # 

Ice  water 

SDD 

(cm) 

Dose  rate 
(cGy/s) 

60-mm 

dish 

100-mm 

dish 

Array  of  3 
60-mm  dishes 

9 

10 

15.3 

71.6 

92.5 

NA 

NA 

10 

11 

16.3 

62.7 

92.5 

NA 

NA 

11 

12 

17.3 

55.4 

92.5 

NA 

NA 

12 

13 

18.3 

49.4 

92.5 

NA 

NA 

IS 

14 

19.3 

44.2 

95 

NA 

NA 

14 

15 

20.3 

89.7 

95 

NA 

NA 

15 

16 

21.3 

36.0 

95 

90 

NA 

16 

17 

22.3 

32.7 

95 

90 

NA 

17 

18 

23.3 

29.9 

95 

90 

NA 

18 

19 

24.3 

27.4 

95 

90 

NA 

19 

20 

25.3 

25.1 

95 

90 

NA 

20 

21 

26.3 

23.2 

95 

92.5 

NA 

21 

22 

27.3 

21.5 

95 

92.5 

NA 

22 

23 

28.3 

20.0 

95 

92.5 

NA 

2S 

24 

29.3 

18.5 

95 

92.5 

NA 

24 

25 

30.3 

17.3 

95 

92.5 

NA 

25 

26 

31.3 

16.2 

95 

92.5 

NA 

26 

27 

32.3 

15.2 

95 

92.5 

90 

27 

28 

33.3 

14.2 

95 

92.5 

90 

28 

29 

34.3 

13.4 

95 

92.5 

90 

29 

so 

35.3 

12.6 

95 

95 

90 

SO 

31 

36.3 

11.9 

95 

95 

90 

SI 

32 

37.3 

11.2 

95 

95 

90 

S2 

S3 

38.3 

10.6 

95 

95 

90 

3S 

34 

39.3 

10.1 

95 

95 

90 

34 

35 

40.3 

9.5 

95 

95 

92.5 

S5 

36 

41.3 

9.1 

95 

95 

92.5 

36 

37 

42.3 

8.6 

95 

95 

92.5 

S7 

NA 

43.3 

8.21 

95 

95 

95 
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Table  6.  Dose  Rate  Chart  of  0.012-mm  A1  Beam 


Uniformity  of  cell  irradiation 
Shelf  height  (percentage! _ 


Hole  # 
Room  temp 

Hole  # 

Ice  water 

SDD 

(cm) 

Dose  rate 
(cGy^) 

60-mm 

dish 

100-mm 

dish 

Array  of  3 
60-mm  dishes 

9 

10 

15.3 

293 

90 

NA 

NA 

10 

11 

16.3 

255 

92.5 

NA 

NA 

11 

12 

17.3 

224 

92.5 

NA 

NA 

12 

13 

18.3 

198 

92.5 

NA 

NA 

13 

14 

19.3 

176 

95 

NA 

NA 

14 

15 

20.3 

158 

95 

NA 

NA 

15 

16 

21.3 

142 

95 

90 

NA 

16 

17 

22.3 

128 

95 

90 

NA 

17 

18 

23.3 

117 

95 

90 

NA 

18 

19 

24.3 

106 

95 

90 

NA 

19 

20 

25.3 

97.4 

95 

92.5 

NA 

20 

21 

26.3 

89.5 

95 

92.5 

NA 

21 

22 

27.3 

82.5 

95 

92.5 

NA 

22 

23 

28.3 

76.2 

95 

92.5 

NA 

23 

24 

29.8 

70.6 

95 

92.5 

NA 

24 

25 

30.8 

65.6 

95 

92.5 

NA 

25 

26 

31.3 

61.1 

95 

92.5 

90 

26 

27 

32.3 

57.0 

95 

92.5 

90 

27 

28 

33.3 

53.4 

95 

95 

90 

28 

29 

34.3 

50.0 

95 

95 

90 

29 

30 

35.3 

47.0 

95 

95 

90 

30 

31 

36.3 

44.1 

95 

95 

90 

31 

32 

37.3 

41.6 

95 

95 

90 

32 

33 

38.3 

39.3 

95 

95 

92.5 

33 

34 

39.3 

37.1 

95 

95 

92.5 

34 

35 

40.3 

35.1 

95 

95 

92.5 

35 

36 

41.3 

33.3 

95 

95 

92.5 

36 

37 

42.3 

31.6 

95 

95 

92.5 

37 

NA 

43.3 

NA 

95 

95 

92.5 
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up  to  0.5  ml  of  medium  before  irradiation.  Notice  that  a  shielding  effect  was 
present  with  as  little  as  0.1  ml  of  medium  added  to  the  dish.  A  similar  effect 
was  present  for  the  triple-dish  array. 


Figure  12.  Meniscus  effect  for  essentially  unfiltered  (0.012 
mm  Al)  beam.  The  cell  cultures  were  aspirated  to 
completeness  with  increasing  amounts  of  culture  fluid 
added:  (a)  O  ml,  (b)  0.1  ml,  (c)  0.3  ml,  and  (d)  0.5 
ml. 


SUMMARY 


Dosimetry  measurements  have  been  performed  on  the  AFRRI  laboratory  x-ray 
irradiator  for  three  different  cell  culture  dish  arrays  positioned  at  a  range  of 
distances  from  the  x-ray  tube.  The  device  used  for  these  measurements  was  a 
parallel-plate  ionization  chamber  with  a  thin  aluminized-mylar  window. 
Intercomparison  with  an  extrapolation  chamber  showed  excellent  agreement 
between  these  independent  measurement  methods.  Results  are  presented  for 
radiation  dose  rate,  uniformity,  and  beam  quality  for  operation  of  the  tungsten 
target,  Be  window  x-ray  tube  at  50  kVp,  20  mA,  and  with  filters  either  0.012 
mm,  0.180  mm,  or  0.633  mm  thick.  The  data  in  this  report  establish  a 
dosimetric  link  between  the  cellular  radiobiology  research  to  be  performed  at 
AFRRI  with  the  laboratory  x-ray  irradiator  and  the  landmark  work  performed 
by  Elkind  and  Sutton  (1)  with  a  similar  device. 
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Relative  dose/fluence 


APPENDIX  A.  X-RAY  ENERGY  SPECTRA 


Figure  A-1.  X-ray  energy  spectrum  for  50  kVp  and  0.65 
mm  A1  filtration.  The  solid  line  shows  the  spectral 
distribution  of  x-ray  energy,  and  the  dash  line  shows 
that  of  x-ray  fluence.  Redrawn  from  reference  (5), 


Energy  (keV) 

Figure  A-2.  X-ray  energy  spectrum  for  20  kVp  and  no 
added  filtration.  The  solid  line  shows  the  spectral 
distribution  of  x-ray  energy,  and  the  dash  line  shows 
that  of  x-ray  fluence.  Redrawn  from  reference  (5). 
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APPENDIX  B.  EXPOSURE  AND  DOSE  CALCULATIONS  FOR 
THE  PARALLEL-PLATE  IONIZATION  CHAMBER 


where 


where 


X 

AQ 

N 


±  =  (AQ/At)  N^  k^p  (B-1) 

=  exposure  rate  in  R/s 

=  charge  collected  over  time  interval  At  fnC/s) 

=  chamber  calibration  factor  (see  table  1).  The  calibration  factor 
wiiose  HV^L  and  homogeneity  factor  most  closely  resembles  the 
values  measured  for  each  field  was  chosen  for  that  field.  The 

uncertainty  in  applying  this  method  is  approximately  1%. 

=  6.502  R/nC  for  0.633  mm  added  A1  beam 

=  6.349  R/nC  for  0.180  mm  added  A1  beam 

=  6.348  R/nC  for  0.012  mm  added  A1  beam 

=  correction  to  standard  room  temperature  and  pressure 


t>  = 


X  f  ,  k,  k 
water  bs  sw 


(B-2) 


f) 

water 


k 


sw 


absorbed  dose  rate  to  cell  medium  (cGy/s) 

factor  that  converts  exposure  in  air  to  dose  in  water,  which 
approximates  the  cell  media.  This  is  an  energy  dependent 
value,  although  it  varies  less  than  2.5%  over  the  equivalent 
energy  ranges  involved  (7). 

0.886  for  0.633  mm  added  Al  beam 

0.902  for  0.180  mm  added  Al  beam 

0.905  for  0.012  mm  added  Al  beam 

correction  for  backscatter.  This  correction  was  assumed  to  be 
1.00  because  the  amount  of  plastic  behind  the  ionization 
chamber  was  approximately  the  same  as  behind  the  cells, 
correction  for  attenuation  due  to  plastic  wrap.  This  correction 
was  only  applied  to  the  0.633  mm  Al  beam.  Plastic  wrap  was 
included  in  the  measurements  of  the  other  fields. 

1.02  for  0.633  mm  added  Al  beam 
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APPENDIX  C.  DERIVATION  OF  EXPOSURE  RATE  CALCULATION  FOR 

EXRAPOLATION  CHAMBER  (3) 


a.  Definition  of  Exposure; 

3 

1  R  in  dry  air  for  x  or  7  rays  =  1  esu  charge  /  ern  at  STP 

1  n  t 

1  R  =  3.33C  x  10  C/cru 


b.  Conversion  of  C/cm*^  to  ainp-s/cin  at  >1P 
Given:  1  arnp  =  1  C/s 

1  C  =  1  arnp-s 

1  R  =  3.33G  x  iU''^  amp-s/cni 

-10 

and  1  R/s  =  3.336  x  10  ainp/cni 


c.  Define: 


K  = 


1  R/s 


3.335  X  10 


-10 


=  2.998  X  10^  [ (R/s) / (amp/cm^) ] 


d.  5  = 


K  dQ/dt 


'STP 


r  R/s  1 


I  amp/cm  J 


I  (amp) 
^STP  (cm^) 


=  2.998  X  10®  (I/Vg^p) 


where  I  =  current  of  charge  generated  in  air  volume  V  at  STP  conditions 
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e.  Volume  of  a  right  circular  cylinder  (V')  =  t  r"  h 
where  r  is  the  radius  and  h  is  the  height 
Correct  the  air  volume  to  room  temperature  and  standard  pressure. 

295.15  1  f  P  1  o 

-  -  (r  h) 

T  +  273.15  J  I  760  . 


where  T  is  the  air  temperature  in  and  P  is  the  atmospheric  pressuri 
in  mm  of  mercury. 


f.  X  =  2.457  X  10 


T  *  273.15 


(C-1) 


where  r  =  the  extrapolation  effective  radius  (cm) 

I^/h  =  slope  of  line  from  chamber  response  (amp)  vs.  separation  of 
window-anode  (cm) 

h  =  separation  distance  of  the  extrapolation  chamber  window 
from  the  anode 
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